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MECHANICAL PROPERTIES OF CELLULOSE ACETATE AS 
RELATED TO MOLECULAR CHAIN LENGTH 


By Arnold M. Sookne and Milton Harris ? 








ABSTRACT 


The mechanical properties of films prepared from a series of fractions of cellu- 
lose acetate, varying widely in molecular chain length (DP), were determined. 
A fraction of DP 30 would not form a coherent film; fractions of higher DP showed 
a rapid improvement of mechanical properties with increase in DP, but above 
150, further improvement was slight. <A close correlation was found between the 
results of folding endurance and ultimate elongation measurements. These 
properties are more sensitive than tensile strength to changes in DP and hetero- 
geneity with respect to DP. Investigation of the properties as a function of both 
weight-average and number-average DP indicated that at any given weight- 
average DP, the fractions are superior to the blends and furthermore, those blends 
which contain fractions of low DP are inferior to those which do not. In con- 
trast, at any given number-average DP within the range studied, the properties 
of the fractions and all of the blends are approximately equal. 
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I. INTRODUCTION 
' The mechanical properties of a cellulosic material are influenced 


by both the average molecular chain length (DP) ? and the distribution 
of chain lengths of the molecules of which it is composed. There is 


Research Associates at the National Bureau of Standards, representing the Textile Foundation. 
2 By DP (degree of polymerization) is meant the average number of glucose residues per chain. For 
ear PX olym ers, such as cellulose and its derivatives, DP is a measure of chain le neth. DP will henceforth 
be designated either D Pn, (number-average DP) or DP» (weight-average DP). These are more specifically 
fined as follows: 


=n; DPi, 
DP,»=- tac 

ind , _ 2: DP; 
DPe= rw; 


where n; is the number of molecules of DP, DP;; and w; is the total weight of that molecular species [1].° 
Figures in brackets indicate the literature references at the end of this paper. 
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general agreement, at least for such linear high polymers, concerning 
the re lationship between the DP and some of the mechanical properties 
of a series of relatively homogeneous fractions. Thus it has been 
shown that below a certain DP, characteristic for each material, no 
useful filaments or films can be formed. At slightly higher DP’s 
there is a rapid improvement in the mechanical properties with increase 
of chain length, whereas at very high )P’s these properties are nearly 
inde _pendent of chain length [2, 3, 4). 
+ No such agreement exists, however, concerning the relationship of 
chain length to mechanical properties when the materials are very 
heterogeneous. Several investigators have reported that a blended 
material gives films or filaments with mechanical prope rties supe rior 
to those prepared from a fraction of the same average DP,,’s [5,6, 7,8 
others have found the blended materials to be inferior [3, 4, 7, 9] or 
approximately equal in properties [10]. Some of their results are 
summarized in table 1, which compares the properties of fractions and 
blends at corresponding DP,,’s. In interpreting this table, it should 
be remembered that the results for films are not necessarily directly 
comparable with those for filaments, since the degree of orientation is 
probably considerably greater for the latter in most cases. In addi- 
tion, the sensitivity of various mechanical properties to changes in 
homogeneity varies considerably. Unfortunately, most of the inves- 
tigators have studied only the tensile strength, a property which has 
been shown to be relatively insensitive to changes in homogeneity [4], 
In a previous publication [11], the preparation of a series of samples 
of fractionated cellulose acetate of widely different DP,,’s was de- 
scribed. The present paper reports the results of studies of the effect 
of chain length and of heterogeneity with respect to chain length on a 


TABLE 1.—Homogeneity and mechanical properties of some high-polymeric materials 


Mechanical properties . ; eg 
ate Con sions nvestig | are 
Material investivated onclusions Investigator 

ence 

Cellulose acetate films Terisile strength Blends superior to fractions of cor- | Rocha 

responding DP’s. 
Cellulose acetate fila- do do Ohl 
ments 


Do : do Materials of low DP exert a harinful | Mark 
} effect, and those of intermediate | 
DP a _ beneficial effect on the 
| | tensile strengths of blends of the 
same average DP. 
Cellulose nitrate films Load-elongation | In region of plastic fiow of load Medvedev 


curve. extension curve, blends require a 
| higher load to produce a given 
| elongation than do fractions of 
| corresponding DP’s 
Do 7 | Tensile strength, | Little difference between fractions | Rogovin and 
and ultimate] and blends. Glazman. 
elongation. | 
Do z | Tensile strength, | Folding endurances of blends in- | Spurlin 
| ultimate elonga- | ferior to those of fractions of 
tion, and folding | correspordirg¢g DP’s. Tensile 


strengths and ultimate elonga- 
tions insensitive to changes in 
heterogeneity. 


} endurance. 


Viscose filaments Numerous measures | Material of low DP’s exerts a dis- | Schieber 
of strength and! proportionate harmful influence 
flexibility. | on the mechanical properties of 
blends. 
Vinyl chloride-acetate do | Blend inferior in fatigue resistance Douglas and 
copolymer plastic | and approximately equal in Stoops. 


strength to fraction of correspond- 
ing DP. 
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number of the mechanical properties of films prepared from these 
materials and their blends. 


II. EXPERIMENTAL PROCEDURE 
1. MATERIALS 


The cellulose acetate fractions have been described in a previous 
publication [11]. They varied in DPy, as determined viscometrically, 
from 30 to 380. 

2. METHODS 


(a) PREPARATION OF FILMS 


Films 0.0025 to 0.0035 in. thick were prepared as follows: An 
acetate sample was shaken with a quantity of acetone, sufficient to 
vive a solution with a viscosity of about 400 centipoises, until a homo- 
geneous solution was obtained. The solution was poured onto 2 glass 
plate, and spread with a doctor blade, which was held at a prede- 
termined distance above the plate by means of runners. The plate 
was then placed in a carefully leveled rack. The above operations 
were performed in a cold room which was maintained at a tempera- 
ture of approximately 10° C to decrease the rate of evaporation of 
the acetone. When the film was dry, it was wetted with water, 
removed from the plate, and then soaked in distilled water at 50° C 
for 3 hours to remove residual solvent. Films prepared by this 
method were uniform in thickness to +0.0003 in. 


(b) ESTIMATION OF RELATIVE WEIGHT-AVERAGE CHAIN LENGTH 


The DP,’s of the blends were estimated viscometrically in the same 
iianner as was previously used for the fractions [11]. The specific 
viscosities of dilute solutions of the blends in Methyl Cellosolve 
ethylene glycol monomethyl ether) were measured at 25° and 60° C, 
and Staaidinger’s relationship [12] was used to calculate the DP’s. 
The DP’s reported later are the means of the values obtained at the 
two temperatures. Because of the limitations of the method of de- 
termining them [13], the DP values should be considered as relative 
values, 


(c) MEASUREMENT OF MECHANICAL PROPERTIES OF FILMS 


All the measurements of the mechanical properties of the films 
were made in an atmosphere having a relative humidity of 65 percent 
and a temperature of 21.1° C. Films approximately 0.003 in. thick 
were used for all of the tests. The actual thickness of each test 
sample was measured with a dial gage (graduated in ten-thousandths 
of an inch and with a foot pressure of 4 lb/in’. 

The tensile strengths and ultimate elongations of the samples were 
measured on a ‘constant-rate-of-elongation” Schopper tensile tester 
equipped with a recording chart. Samples 0.25 in. wide were used. 
The distance between the jaws was 3 in., and the rate of separation of 
the heads was 12 in. per minute when the machine was running free. 
The minimum thickness of each strip was used in calculating the 
tensile strengths. At least 10 measurements were made on each 
fraction and blend. The probable error of the mean for a set of meas- 
urements was approximately 3 percent for the tensile strengths and 
10 percent for the ultimate elongations. 
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The folding endurances of the samples were measured by means of 
an MIT fold tester [14], with a tension of 1.5 kg. Strips 1.50 em wide 
were used. Since the folding endurance ts fairly sensitive to the thick- 
ness of the test strip (thinner films having a higher folding endurance 
in this range of thickness), it was necessary to correct the results to a 
standard thickness (0.003 in.) of test strip. This was done by apply- 
ing small empirical correction factors, which were determined by 
measuring the folding endurances of strips of the same material but 
of different thicknesses. The correction factors were determined for 
several blends of fractions as well as for two commercial cellulose 
acetates, and were found to agree within 4 percent for a given thick- 
ness. About 15 strips were used for the measurement of the folding 
endurance of each fraction and blend. The probable error of the mean 
was approximately 8 percent. 

Folding-endurance measurements were made both in the direction 
in Which the doctor blade was moved in spreading, and at right angles 
to this direction. No significant difference was found in the prop- 
erties in these two directions. This result indicates that, as far as the 
mechanical properties are concerned, the films do not have“ machine” 
and ‘‘cross’’ directions. 

The bursting strengths of the films prepared from the fractions 
were measured on a Mullen tester [15]. Ten bursts were made for 
each sample, and the results were corrected to a film thickness of 
0.003 in. 

III. RESULTS 


1. MECHANICAL PROPERTIES OF THE FRACTIONS 


The variation of the tensile and bursting strengths of the fractions 
with DP, is shown in figure 1. As would be expected, there is a 
close correspondence between the two properties [15]. The general 
shape of the curve for the tensile strengths agrees well with the results 
obtained by other investigators [2, 3], although it is apparent that the 
strength is by no means independent of chain length in the range of 
DP’s covered by these materials. The material of DP 30 would not 
form a coherent film, and was therefore assigned a strength of zero. 

In addition to the above measures of strength, impact-strength 
measurements were made on thin, narrow strips of the fractions.‘ 
The shape of the curve obtained by plotting impact strength against 
DP. was closely similar to that for the bursting and tensile strengths. 
It is of interest to note that for all three of the strength tests described 
above, the starting material (designated by tagged circles in fig. 1) 
appears to be only slightly, if at all, inferior to a fraction of corre- 
sponding DP. 

The ultimate elongations and folding endurances of the fractions 
are shown in figure 2. The results indicate a close relationship 
between these two quantities, and as will be shown later (section 
[1I-2), a similar correspondence was found for the blends. Both 
of these mechanical properties appear to be independent of chain 
length above a DP, of approximately 150. The original material 
does not appear to differ significantly from a fraction of correspond- 
ing DP,. 

The first fraction obtained in the fractional precipitation procedure 
was characterized by its haziness and high ash content. Because it 

4 We are indebted to F. D. Pilgrim and W. O. Kearse of the Tennessee Eastman Corporation for making 
the impact-strength measurements. 
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vas not completely soluble in acetone or Methyl Cellosolve, no esti- 
mate of its DP, was obtained, and the data for its mechanical proper- 
‘ies are therefore not included in figures 1 and 2. This material had 
. tensile strength of 1,000 kg/cm’, a folding endurance of 86, and an 
ultimate elongation of 18 percent. These mechanical properties are 
similar to those of the fractions of high DP,. 

It should be noted that at low DP,’s, the folding endurance is much 
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Figure 1.—Tensile and bursting strengths of cellulose acetate fractions as a function 


of the viscometrically estimated DP. 


The starting material is designated by tagged circles. 


more sensitive to variation in chain length than is the tensile strength. 
The ratio of the highest folding endurance to the lowest (with the 
exception of the fraction that will not form a film) is about 5:1; the 
corresponding ratio for the tensile strengths is less than 2:1. 

A number of other mechanical properties ® of the fractions were 
measured in addition to those described above. They are referred 


Measurements have been made of the flow characteristics (elongation as a function of time at constant 


of several of the fractions and the starting material. These results will be presented elsewhere, to 


gether with some results of load-elongation measurements on these materials [16] 
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to only briefly, since they show little variation with chain length. 
Films prepared from fractions of DP’s 67 and 380 were found to have 
moduli of rigidity which did not differ significantly. The flexural 
resiliencies, as measured with the Schiefer Flexometer [17], of these 
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Ficure 2. 


The starting material is designated by tagged circles. 


two fractions and of the starting material were found to agree within 
the experimental error. 


2. MECHANICAL PROPERTIES OF BLENDS OF THE FRACTIONS 


In order to study the effect of heterogeneity with respect to molec- 


ular chain length on the mechanical properties, a comparison of 


these properties for blends of different composition was made. The 
results are given in table 2 and shown graphically in figures 3 to 7. 
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TABLE 2.—Properties of blends of cellulose acetate fractions 


th. ——— —— 
ve 3 : Be Weight Weight- | Weight- Number-| Folding | pa | Ultimate 
. £ BS Composi- percent- average average average wesglauee. rensile slonga- 
ral Designation tion ace of DP DP DP one | -stranatin |) Ce 
Se lower DP| (eale.) (obs.) (cale.) ance “ion 
Folds kg/cm? | Percent 
| 380+30 0 380 380 380 12 1, 160 30 
380-430 | 5 363 360 240 90 1, 140 26 
380+30 25 293 281 $7 81 900 21 
| 380+30 51 200 180 55 34 690 10 
| 380+30 ¥ 6: 118 106 39 10 600 2 
| 380+30 95 18 47 31 0 0 0 
380+30 100 30 30 30 0 0 0 
| 380+-81 5 365 369 321 114 1,010 19 
| 380+81 25 305 204 197 134 1, 050 24 
380-+81 69 00 169 118 67 0 9 
380-+81 RO 14] 134 96 75 780 12 
880-+-81 95 96 99 85 5S 730 8 
380+81 100 81 81 81 42 630 | 3 
3804-167 5 | 369 370 358 122 1, 180 31 
380+167 45 284 279 241 130 1, 009 25 
| 380+-167 &4 200 198 184 108 £90 18 
| 380+ 167 95 178 179 172 132 {) 25 
| 380+ 167 100 167 167 167 117 880 24 
| 
| 380-+-68 8 20K) 183 104 67 780 10 
380-+-129 59 255 247 19 103 1,020 25 
- 04-129 72 200 196 5 12 780 17 
291+81 43 200 195 138 74 940 24 


' 


- properties of the fractions of DP’s 30, 81, 167, and 380 have been included for comparison. The 
ns are numbered to correspond with their designations in a previous paper [11]. 
igure 3 shows the tensile strengths of the blends plotted against 
DP,. The curves for the three series of blends (DP,,’s 3804-30, 
S0+-81, and 380-+167) have been represented by solid lines as a 
matter of convenience, although the data are such that these curves 
are somewhat ambiguous. The dotted line, which is traced from 
rure 1, is the curve for the fractions. The results appear to indicate 
small but measurable harmful effect of the shorter chains on the 


) tensile strength, since the results for the blends fall below the dotted 
; line in general, especially for those blends which contain the fraction 
B oof DP, 30. 


A similar but much larger effect is shown by measurements of the 
} folding endurance and ultimate elongation (fig. 4). The curves for 
+ ihe series of blends 380+81 and 380+-30 are markedly lower than the 
curves for the fractions (dotted lines, traced from fig. 2). The Jine for 
90 | the folding endurances of the series 380-+-167 is, however, somewhat 

+ higher than the corresponding curve for the fractions. While there is 

» a possibility that this may represent a slight superiority of these 
ny | blends over the fractions, this does not appear too likely, since this 
effect is not shown by the results of the ultimate elongation measure- 
= ments. 
The effect of the shorter chains on the mechanical properties of 
iy & blends of different composition, but all of DP, 200 is shown in figure 5. 
» ‘The values of the mechanical properties for the blends of the pairs 
© 380+30, 380+81, and 380+167 were interpolated from the smooth 
; | curves of figures 3 and 4, and the other points represent the values for 





5 blends P and Q of table 2. The graphs clearly demonstrate that the 
C- |%  cffect of heterogeneity is greater on the folding endurance and ultimate 
Ol elongation than it is on the tensile strength. 
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are the respective curves for the fractions, traced from figure 2. 
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The data presented above indicate that at a given DP, the materials 
of shorter chain length exert a harmful effect on the mechanical 
properties of blends. It is of particular interest to plot the data 
on the basis of the DP,’s of the fractions and blends as well. This 
requires the estimation of the DP by other means (such as osmoti 
pressure measurements) but since such data were not available,’ 
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recourse was had to calculated values.?’ These are given in column @ 
6 of table 2. 5 
Me ements in progress. . 
lhe values of DP, for the blends can be calculated from the formula 
DP.=-——~ 
P fins for 4 ; 


DP,‘ DP we, 


where DP, is the number-average DP of the blend, f; and fe are the weight percentages in the blend of t 
fractions of DP», and DPw,. resp ctively, mr DPw/DPr, and r2 =DP «,/D Pry. Since the fractionati: 
process produces fractions that are relatively homogeneous, 7; may be taken equal torg. The formala give 
ibove then reduces to the following: 
100 
DP,,= 7 —" 
Rad ) 
’ (appz DP, 


The figures given in column 6 of table 2 were calculated from this formula, with a value of unity assigned t 
r;. They therefore represent relative calculated values. 
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The mechanical properties of the blends are plotted against their 
calculated relative DP, ’s in figures 6 and 7. The dotted lines are 
not drawn to fit the points but are the curves for the respective 
mechanical properties of the fractions, traced from figures 1 and 2. 
As shown in figure 6, all of the tensil-strength data for the blends, 
regardless of composition, are reasonably well represented by the 
curve for the fractions, although the data for the series of blends 

















I200-— 5 Sa = & a 
eo 
") 7 
e- |'9 | 
o 
é a 
— ' 
900 4 sail | 
= — CA | 
Pg 
“i a3 
ro 
a @ 
s vA 
S o/oO 
4 O / 
: / 
va O 
$600 at enim 
r / 
a / 
3 @ -380+ 167 
: / ® -380+ 8! 
Gi / | ©O-380+30 
| 
| 
300} — —e 
| 
| 
| 
| | | | 
| | 
| | 
l | | 
Fain 
0 100 200 300 400 
CALCULATED NUMBER-AVERAGE DEGREE OF POLYMERIZATION 
Figure 6.—Tensile strengths of blends of cellulose acetate fractions as a functio 
of the calculated number-average DP. 
The dotted line is the curve for the fractions, traced from figure 1. The tagged circle is common t 


series of blends, 


380+-30 (open circles, fig. 6) appear to be overcorrected by this 
method of calculation. Thus. in figure 6 the open circles fall abov 
the dotted line in general, whereas in figure 3 (in which the tensile 
strengths are plotted against DP,,), they fall below it. A more 
critical test is provided by the folding-endurance data, since the 
differences caused by the admixture of material of short chain length 








are apparently larger for this property. 
folding-endurance data for the blends are also reasonably well rep- 
resented by the curve for the fractions (dotted line). 
for the ultimate elongations appear to parallel the results for the 
folding-endurance measurements. Figure 7 should be compared 


+ 


ULTIMATE CLONGA 


The dotted lines are the respective curves for the fractions, traced from figure 2. 
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Figure 7 shows that the 


The results 




















ION IN PERCENT 














acetate fractions as functions of the calculated number-average DP. 


to all three series of blends. 


with figure 4, in which the folding endurances and ultimate elonga- 
tions are plotted against DP,,. 
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Figure 7.—Ultimate elongations and folding endurances of blends of cellulos: 


The tagged circle is common 


It is of interest to note that the results for the blends P, Q, R, and 


S (which have not been included in the curves) would also fall close 
to the dotted lines of figures 6 and 7. 
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: IV. DISCUSSION 


. The data described above indicate that when the mechanical prop- 
erties of the blends are plotted against their DP,,’s, a harmful influence 
of the materials of shorter chain length (approximately DP, 80 or 
less) ean be observed. The magnitude of this influence is a function 
of the amount and DP of the shorter chains in a blend. On the other 
hand, the addition of a material of intermediate chain length to one 
of high DP does not appear to produce any marked beneficial or harm- 
ful effect. It may thus be said that under the conditions of these 
xperiments, the mechanical properties are monotonic, but not single- 
valued functions of DP,.. On the other hand, when the mechanical 
properties of the blends are plotted against their calculated DP,’s, all 
of the data are reasonably well described by a single curve for each 
property. Since this curve approximates the curve for the fractions, 
it appears that the mechanical properties of the cellulose acetate 
films may be described as monotonic, single-valued functions of DP,. 
In the absence of actual determinations of DP, this must be regarded 
as only a tentative hypothesis. It is interesting to note, however, 
that this hypothesis is qualitatively consistent with the concept that a 
sample ruptures in the tensile- or folding-endurance tester when a 
+ sufficient number of chain ends exist close together in the test strip 
is]. This follows, since the number of chain ends in a cross-sectional 
clement of the sample is inversely proportional to DP,. It should be 
' further noted, however, that the range of DP’s covered by these ex- 
} periments is not very large. It is quite likely that the empirical 
ceeneralization advanced above would not describe the results ade- 
) quately if materials of very high and very low DP’s were blended. 
| ‘The results suggest, however, that for many industrial products, and 
particularly where materials of high and low D)P’s are blended, con- 
siderable advantage would attach to the determination of DP,, 
since this quantity appears to be more closely related to the mechanical 
properties than DP,,. 
The results described above are consistent with those obtained by 


SPER IE ERAN RUSTED BI 


sire Seneca fo ee 


> a number of other investigators [3, 4, 9]. Since the results of Spurlin 
» [4] on the mechanical properties of nitrate films were obtained under 
) experimental conditions rather similar to those described above, they 
7 are of especial interest here. Spurlin found that at corresponding 
» DP.,,’s, films prepared from fractions were superior in folding endur- 


ance to those prepared from straight-run commercial nitrocellulose, 
and that the latter were in turn superior to blends of the straight-run 
) material. The differences in properties were attributed to differences 
} | in homogeneity, and in particular it was concluded that a reasonably 
© smooth distribution curve is desirable in order to obtain good folding 
® endurance. While this is an entirely reasonable deduction for the 
materials that were being investigated, the results of the present 
investigation indicate that consideration of the DP,’s of the blends 
and fractions might have led to a somewhat different interpretation 
of the results. Unfortunately, since Spurlin’s blends were not pre- 
pared from fractions, it is impossible to calculate even approximate 
relative values of the DP,’s for his samples. The data are, however, 
at least qualitatively consistent with the hypothesis that has been 
presented above, 
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PERFORATED COVER PLATES FOR STEEL COLUMNS: 
COMPRESSIVE PROPERTIES OF PLATES HAVING 
OVALOID PERFORATIONS AND A WIDTH-TO- 
THICKNESS RATIO OF 53 


By Ambrose H, Stang and Martin Greenspan 


ABSTRACT 


Tests were made to determine the mechanical properties of perforated cover 
lates intended to be used as a substitute for lattice bars or batten plates in 
lilt-up box-type columns. Tach test column was built up from one perforated 

e and either two or four angles. Columns with unperforated plates were used 
is controls, 

This paper gives the results of the tests on columns having plates of three 
ferent perforation spacings. 

It was found that the perforated plates contributed to the strength, and espe- 
cially to the stiffness, of the columns, and that the factor of stress concentration, 
lue to the presence of the perforations, varied from 2 to 2.6 based on the gross 

a (1.7 to 2.1, based on the net area), 
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I. INTRODUCTION 


This paper is the fourth of a series dealing with the mechanical 
properties of perforated cover plates intended to be used as a substitute 
for lattice bars or batten plates in built-up box-type columns. An 
outline of the program, and results for plates having widths of 15 in. 
and of 25.5 in. have been given in previous Research Papers [1, 2, 3].’ 

In this paper are prese nnted the test results for the C3 series of ‘pl ites, 
These plates were 20 in. wide by % in. thick, thus having a width-to- 
thickness ratio of 53. The perforated plates of this series had ovaloid 
perforations 9 in. sie, The net-to-gross cross-sectional area ratio 
was 0.55 


II. COVER-PLATE COLUMNS 
1. GENERAL 


The details of the C3 plates and of the angles are shown in figure 1 
The perforated C3 plates were all of the same nominal dimensions as 
to length, width, thickness and number, size, and shape of perforation 
but differed with regard to perforation spac ing (i. e., the distance 
between centers of adjacent perforations). The perforation spacing 
was 30 in. for the C3A plates, 42 in. for the C3B plates, and 54 in. for 
the C3C plates. The C3D plates had the same nominal dimensions as 
the perforated C3 plates but had no perforations. 

Each plate shown in figure 1 represents three like plates, designated 
(O-1), (2-3), and (4-5), and the angle shown represents many like 
angles which were used interchangeably with the plates to form the 
columns of which the cross sections are shown in the figure. The 
angles used with the plates to form the columns are given in table 1 


TaBLeE 1. Angles used for the C3 columns 


Column designation ! Angle designations 

C3A { 2 angles C5A(2-3), C5E(0-1). 

C3A (___) 4 angles C5A(2-3), C5 E(0-1), C5 D(9-1), C5L(2-3 
C3B ( ) 2 angles__-- C5 D(0-1), C5L(2-3). 

C3B | ) 4 angles C5 D(0-1), C5L(8-3), C5C(2-3), C5L(4-6 
C3C ( 2 angles C5C(8-3), C5L (4-5). 

C3C ( 4 angles C5C(2-3), C5L(4-5), C5C(0-1), C5 D(4-5 
C3D (_..) 2angles.........| C5A(9-1), C5E(4-5). 

C3D ( ) 4angles . C5A(0-1), C5 E(4-5), C5A(2-3), C5 E(0-1). 


! The 3 columns represented by each of the above designations contained the same angles. 
2. DIMENSIONS 


The dimensions given in figure 1 are nominal. There were the 
usual commercial variations in the thicknesses and widths of the plates 
and angles. The variations in the dimensions of the perforations 
were considerably greater; for some plates the difference between the 
minimum and maximum perfor ation width was of the order of 0.1 
in. The cross-sectional areas of the plates and angles, computed from 
the measured dimensions, are given in table 2. 


i Figures in brackets indicate the literature references at the end of this paper. 
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Plates and angles for the C3 columns 


FIGURE 1. 





6@3'1-¢ 9 @5§"=3'-9 8 @6":4'-O 7 @5"=3'-9 6@3=/-6 
< }- — + ~ + Hh - 
i 
aes ore ae cee PW SSE SRT ODE ES ST a SE DET SE WA UR RT MEE ST SP TO ST 
| 
j —— : S 
| 
Re ae a a a ee ne Ne OY ORE SE a ET are eT ne WO Ce Soe eed eT Oe eT | 
be 
wn ZH4 
CS plate (=o fe x le 7 Siam. 2 ones 
no perforations | 
| Sa SS Soy SR SER RON SEY ER SE Prine WES ESE RE MR SRT VE NST SSA (SES GET SES RS UR RT WE a TT we 
q i: = 4 
| | 
| Poareereers ++ + + + + + + + + 44 4-4 4-4-4 + +44 4 4 4h + * + + + + + + ++ + + + + + 
>) 7) ) } 
——- | | | bee - 
P /-€ | é 6 q 
- ob a. + + 
3A t'-9" fin. 2 ends 
30 inches 
—_ +++ —+— +++ —+-—+—_+—_+ + + + + + + + +—+ +—+—_+—_+—_+- 0-6-4 + ed | 
} } 
| 4 oe nd 
} ; > ae ae — + + + n 
| | 7 
[ ¢-+—+- ++ +++ +44 4_+4_+4-_+_+-—__+-—_+_ +44. +14 _4_ 4 __4+ _+-_+_}-_} +464 +6 464-4444 4 
} - 
| 9’ ,” | 9” 
| ‘ { | 
i - — | » “+ | 
’ 7 | _ | | / 
C 1-6 2 -( /-6 2-0 6 z {; 
< | < 
1, + ab _ a ot. ote + a 
3 . 
& 
perforation spacing 42 inches 
(a tee 
T i ~~ +94 gi T 
| Ny | 
{ 
9 7) * ag | 
— 4 bo—m} | 
é = é aoa 6" ae 6” | o,f 
- _ _— - we — ee ae = - 
3 
3 ( plate Oo # a * 9 fin. 2ends 
perforation spocing 54 inches 
i= 3 
+++ 4 4+ ++ ++ + _+__+-_+ +++ ++ ++ +++ + ++ _# 6 ++ -¢ 4-6 644 ¢] 
5 InNGg/E BGuxrudu 114-9 fin 2 ends 
N 
HI 
jum, 
zc 
HI | 
U Y 
r fest . wig etic range fay naximum 22 











Journal of Research of the National Bureau of Standards 


18 





TABLE 2.—Cross-sectional areas of plates and angles for the C3 columns 


Plates Angles 
D G d D nation (Area 
wm. { 

C3A 7. 64 4.25 C5AO 79 
C3A 7. 60 4. 22 C5A( .78 
( 1 7 4.18 Cal 74 
C3 7 4. 31 CHC 76 
C3i 7 $ C5D 73 
C3B 7 ! C5D 78 
C3 fe 4. 28 ( 78 
( 7 { C5) S] 
C3¢ 7 4 C51 - 
C5L(4 ) 


3. CONDITION OF ENDS 


The plates and angles had been prepared with unusual care, so that 
the ends of the columns were reasonably flat. However, the ends 
were not flat in the sense that milled ends are flat. When th 
columns were stood on end on a flat steel plate, a definite tendenc) 
to teeter was observed. 


III. PROCEDURE 
1. COUPONS 


Coupons representing the plate and angle material were cut i 
the direction of rolling and tested in tension. Young’s modulus of 
elasticity, EF; Poisson’s ratio, u; yield point, tensile strength, and 
elongation were determined. 

A composite sample of the C3 plate material and a composit: 
sample of the angle material were analyzed for carbon, manganese 
phosphorus, and sulfur. 


2. COLUMNS 
(a) ELASTIC RANGE 


The shortening under load in the elastic range was determined fo) 
each column. The strains in the edge of the middle perforation were 
determined for each perforated-plate column. The strains in the 
surfaces of the plate were determined for the middle bay of one of 
each group of three like perforated-plate columns having four angles 
The distribution of stress in the middle bay of each of these columns 
was calculated from the strain data and the values of the elasti 
constants obtained from the coupon tests. 


(b) MAXIMUM LOAD 


One two-angle column of each group of three like two-angle columns 
was subjected to the maximum-load test after the bolts had been 
replaced by rivets. Data to complete the stress-strain curves and 
data for the stress-deflection curves were taken, 
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IV. RESULTS 
1. COUPONS 


» 


The results of the tensile tests of the coupons are given in table 3, 
ind the chemical composition of the coupon material is given in 
table 4, 


TABLE 3. Results of tensile tests of coupons 


Poisson's Yield | Tensile Elongation 


ss ratio, point strength in 8 in 


PLATE COUPONS 


0. 381 20, 400 (0). 278 37. 2 8.6 0 

s79 29 G00 282 38. 0 AQ, | 0.5 

IRF 29, 500 282 3s. 4 DS. 7 31.9 

3S f 29, 700 282 37. 1 8.7 1.9 

33 29, Af 3 3 8 28 

i my 1 7s 5 ] ) 

<] 32 29 na) bt 38.0 60. 4 { 
79 Ot i 38. ¢ 60 » 7 


ANGLE COUPONS 


( ) 2 100 0. 2&6 { 3 ) , 
FOG 30), (un 19) 35. ¢ 58.1 33.5 
OS 4") 28] 36. 4 ASS 31.3 
AOL 29. 7(M) RS 34.8 AR. 3 33.0 
HM) 29. S00 . 287 a7} 63. 7 33.1 
07 29 700 288 6.9 64 3.0 
! . 508 29. 70) ORS 37.5 59. ¢ 31.3 
. 508 29, 600 281 36.0 59. 1 33. 1 
y] 503 29 AOD 2) 36.1 58. 7 35.8 
d 11 29. G60 86 36.6 59. 1 314.6 
l 
‘ - < ABLE 4 Chemical com posit ed) of coupon m ute r] 
Cc ny Carbon M Ph Sulfu 
( ¢ 
l’lat ( 0.17 : 04 0. 008 0.033 
4 ( } mt} O14 > 


2. COLUMNS 
; (a) MODULUS OF COLUMN AND EFFECTIVE AREA OF PLATE 


a The moduli, £’, of the columns, and the effective-area factors, K, 
; a vith respect to shortening under compressive load, for the plates, are 
: viven in table 5.? 


_ 





€ pages 679 and 680 of reference [1]. 
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TABLE 5.—Moduli of columns, effective-area factors of plates, and maximum-s 


ratios 
Based on gross area Based on net area 
um- . . 
Plate designatior . f cm — 
here pon Cpe ee tive- Ratio Moduh tive- Rati 
angles ae irea Maximum stress OF US;!  srea Maximum 
factor, PIA factor, Pil 
K K 
| Kip in. Kips in. 
C3A (0-1 2 24, 800 0.61 30, 100 1.10 
C3A(s | 2 24, 600 60 29, 900 1.07 
C3A (4-8 2 24, 700 60 30, 000 1.09 
Avg 24, 70:0 0. 60 —2.16 30, 000 1.09 
C8A (OD | 4 26, 600 0. 64 29, 9D0 1. ] 
CSA (9 | 4 26, 5K 62 29, SOO L. ti 
C8A(4 | 4 26, 600 . 64 30, 000 1.1 
Avg j 296, BOO 0. 63 1. 97 29, 900 1.14 
CS3t . 25, 400 0. 67 30, 900 1. 20 
C3F — 9 25, 400 67 30, 900 1. 20 
C3B | 2 25, 600 6S 31,100 Ze 
| 
Avs 3 (1 0. 467 > 27 31, 000 :: 3 
. | 
C3RO | 4 26, 900 0.68 30, 300 1. 22 
C3B(2 | 4 26, 900 67 30), 200 1. 21 
C8R { %* AND 68 30, 200 1. 21 
| 
Avg | 26, 900 0. 68 2.98 30, 200 1.21 
C3 | 2 25, 800 0. 70 31,400 | 1.27 
CSC 2 25, 700 69 31,200 | 1.24 
C3 | 2 25, 800 49 31, 300 1. 26 
| 
Ave | 25, 800 0. 69 —2.55 31, 300 1. 26 
| 
C3 j 4 26, 900 0. 67 30, 200 |: 3 
C3 ..| 4 27, 100 70 30, 400 1. 96 
C3C(4-4 | 4 27, 100 . 69 30, 400 1. 26 
Ave 27, OM 0. 69 2.39 30, 300 1. 24 
C38 D(0 | 2 29. 400 29, 400 
csp | 2 29. 300 29, 300 
C3D(4 2 29, 200 : 29, 200 
Avg : | 29, 300 1.00 29, 300 1. 01 
C38p | 4 29, 300 29, 300 
C3D | 4 29, 300 29, 300 
C8D(4-5 4 29, 200) 29, 200 
] 
Avg ----| 29, 300 1. 00 29, 300 1,00 


(b) STRESSES 


(1) On the Edge of the Perforation.—The distribution of stress on the 4 
edge of the middle perforation is indicated in figures 2,3, and4. Each 
curve represents the average result for three like columns having the ~@ 
same perforation spacing. 

The vertical axis of the graph in each figure is a development o! 
one quadrant of the edge of the perforation. The point B is th 
point of tangency of the circular and straight parts of the edge. 

In the stress ratios, c,,/(P/A,), A, is the net area of the column 
and o, and o, are the maximum and the minimum principal stresses 
respectively. The stress ratios based on gross area, ¢,4,/(P/A), may bi 
obtained by multiplying o,,,/(P/A,) by 1.22 for the two-angle and 1.12 
for ~ four-angle columns. The maximum stress ratios are give! 
in table 5. 
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Figure 2.—Columns C3A, perforation spacing 30 inches. Distribution of stress on 


the edge of the middle perforation. 





line is for the two-angle, and the dashed line for the four-angle, columr Based on net area, 
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Figure 3.—Columns C3B, perforation spacing 42 inches. Distribution of stress o1 : 
the edge of the middle perforation. 2 


‘he solid line is for[the two-angle, and the dashed line for the four-angle, column. Based on net ar 







Perforated Cover Plates 93 











at 
! 
= —_ £ ‘ ‘ s/f 0/6 
Pp 
" «| 
> icure 4.—Columns C8C, perforation spacing 54 inches. Distribution of stress on 
; the edge of the middle perforation. 
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(2) On the Surfaces of the Plate. 
surfaces of the middle bay for the perforated-plate columns having 
four angles are indicated in figures 5 to 16, inclusive. The stress 
ratios shown in these figures are based on net area. 
based on gross area may be obtained by multiplying the given values 
by 1.12 for these four-angle columns. 

The effect of the perforation on the stress distribution may be 
judged from the fact that for a solid plate (no perforation) the values 
everywhere of ¢,,/(P/A) are zero; of o,/(P/A), —1; and of 6, 90 degrees, 
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The distributions of stress on the 
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FicurE 6.—Column C3A(2-8) (four angles), perforation spacing 30 inches. 
Tsogram of minimum principal stress. 


Based on net area. 
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Figure 7.—Column C3A(2-3) (four angles), perforation spacing 30 inches. 
Isoclinics. 





The angle @ is measured positive counterclockwise from the axis of the column to the direction of 
maximum principal stress. 





Perforated Cover Plates 




















GURE 8,.—Column C3A(2-3) (four angles), perforation spacing 30 inches 
Magnitude and direction of the principal stresses. 


Based on net area. 
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Figure 9.—Column C3B(2-3) (four angles), perforation spacing 42 inches 
Isogram of maximum principal stress. 


Based on net area. 
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Figure 10.—Column C8B(2-8) (four angles), perforation spacing 42 inches. 
Isogram of minimum principal stress 


Based on net area. 
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FIGURE 11.—Column C3B(2-3) (four angles), perforation spacing 42 inches. 
Isoclinics. 


rhe angle @ is measured positive counterclockwise from the axis of the column to the direction of t! 
maximum principal stress, 
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FicuRE 12.—Column C3B(2-8) (four angles), perforation spacing 42 inches. 
Magnitude and direction of the principal stresses. 


Based on net area. 
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—Column C3C(2-83) (four angles), perforation spacing 54 inch 
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Column C3C(2-3) (four angles), perforation spacing 54 inches. 
Isogram of minimum principal stress. 






Based on net areas 
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Figure 15.—Column C8C(2-3) (four angles), perforation spacing 54 inches. 
Isoclinics. 


The angle @ is measured positive counterclockwise from the axis of the column to the direction of the 
maximum principal stress. 
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Figure 16.—Column C3C(2-3) (four angles), perforation spacing 54 inches. 
Magnitude and direction of the principal stresses. 


Based on net area. 
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(c) MAXIMUM-LOAD TEST 4 
(1) Stress-Strain Graphs.—The stress-strain graphs for the columns, 7 
based on net areas, are shown in figure 17. 4 
The stresses on gross area may be obtained by multiplying the 
stresses on net area by 0.82. 
(2) Deflections—The stress-lateral-deflection graphs for the col. 4 
umns, based on net area, are shown in figure 18. 
The stresses on gross area may be obtained by multiplying the 7 
stresses on net area by 0.82. 
(3) Maximum Load and Effective Area of Plate—The maximum 
loads for the columns, the maximum average stress on the gross area 
/ |_| | 
{1 f-— 
% [ 
co I | 
2 20 — i oe 
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Figure 17.—Columns C3-—(two angles). Stress-strain graphs. 
Based on net area. 
and on the net area, and the effective-area factors of the plates with @ 
respect to compressive strength, C, are given in table 6.° 2 


TABLE 6. Maximum loads for columns and effective-area factors for plates 





mn ce 
mn a 





stress on gross area at failure, kips/in.? 97.2 26.9 | 27.9 
e strees on net area at failure, kips/in.? 33.0 | 32.8 | 33.9 
‘ffective-area factor of plate with respect to compressive 

strength, ¢ | 


















‘ y f + n 
No perforation. 






The perforated-plate columns C3A, C3B, and C3C failed by pri 
mary buckling away from the plate side of the column, as would be 
expected from the consideration that, in the neighborhood of a perfora- 






3 See page 655 of reference {1]. 
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= 4 Based on net area. When the deflection is North, N, the bending stress is tensile on the plate side. 
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tion, the gravity axis of the column is displaced away from the plate 
side. Local buckling of the outstanding legs of the angles of the col. 
umns occurred near the ends of the column. The plates buckled 
near the middle perforation. 

The unperforated-plate column C3D started to deflect toward the 
plate side, as would be expected from the double-modulus theory, but 
it failed by secondary buckling of the plate at about one-third the 
height of the column from the base. The column efficiency of 87 
percent, given in table 6, is the ratio of the average stress at failure 
to the weighted average yield point of the material determined from 
the tensile tests of the coupons. This value of column efficiency js 
lower than would be expected for a column having a slenderness ratio 
of 71 tested with flat ends. This low-efficiency is due to the failure 
being at least partly by instability. The efficiency of column C3/) js 
intermediate to the efficiencies of the two previously tested unper- 
forated-plate columns, column C2D having a narrower cover plate and 
which failed largely as a whole, and column C4D having a wider cover 
plate and which failed largely by elastic instability. 

The effective area factors, C, of the perforated plates with respect 
to compressive strength are of course greater than they would haye 
been if the unperforated-plate column had failed at a higher stress 
owing to primary buckling. It may be noted that the compressive 
stresses on net area at failure are practically the same for the per 
forated-plate C3 columns as for the previously tested perforated-plate 
C2 and C4 columns. Figure 19 shows the columns after test. 


V. SUMMARY 
1. MODULUS 


The effectiveness of the perforated plates in resisting shortening 
under compressive load was determined by comparison of the modulus 
of a column containing the perforated plate with that of a similar 
column containing an unperforated plate. It was found that 
from 60 to 70 percent of the gross cross-sectional area of the plate, 
depending on the perforation spacing, was effective in resisting shorten- 
ing under compressive load. The effective-area factors for the per- 
forated plates were not consistently affected by variation in the num- 
ber of angles with which they were tested. 


2. STRESS DISTRIBUTION 


The stress distribution was determined on the edge of the middle ~ 
perforation of each perforated-plate column and on the middle bay 
of one of each group of three like columns having four angles. In 
every case the maximum stress was compressive and occurred on the 
edge of the perforation. The value of the maximum stress increased 
with increase of perforation spacing. For columns with the same — 
perforation spacing, the maximum stress was higher for the two- 7 
angle than for the four-angle column for the same average stress 00 7 
the gross area. This was not always true when the stresses wer © 
based on net area. 

The maximum stress varied from 2 to 2.6 times the average stress 7 
on the gross area, or 1.7 to 2.1 times the average stress on the net | 
area. . 
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3. STRENGTH 


The effectiveness of the perforated plates with respect to strength 
was somewhat lower than with respect to resistance to shortening and 
was little affected by change of perforation spacing. 
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AN IMPROVED ELECTRODE HOLDER 
FOR SPECTROGRAPHIC ANALYSIS* 


By Bourdon F. Scribner and Charles H. Corliss 


ABSTRACT 


An electrode holder has been constructed for improving the speed and ease of 
rations in miscellaneous spectrographie testing. Advantages afforded by the 
holder include: (1) application to a variety of electrode sizes and excitation 
conditions, (2) positive and precise adjustment and motion of the parts, (3) water- 
( ng of the electrode clamps, and (4) a housing for protection against light, 
es, and electric shock. The construction of the holder and its application 
xcitation problems with the high-voltage spark, the a-c arc, and the d-c are 
described. 
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I. INTRODUCTION 


\Iany of the parts of the spectrographic assembly have undergone 
marked improvement during recent years, but relatively little atten- 
tion has been given to the design of the electrode bolder, except for 
certain special applications. In addition to the common models based 
on the simple Gramont design, holders have been devised for a-c are 
excitation of rods [1, 2]! or sheet metal [3], and for rapid change of 
spark electrode rods [4, 5] or metal plates [6]. A universal holder has 
been described [7] that provides a variety of electrode movements and 
adjustments. 

lor application in miscellaneous analyses, however, difficulty may 
be encountered when changes must be made quickly to handle elec- 
trodes of different sizes and shapes and from one extreme of excitation 
conditions to another. To meet these demands, a holder has been con- 
structed incorporating the following features: (1) ease and speed of 
operation over the varied conditions encountered, (2) precise adjust- 
ment and motion of parts to prevent errors caused by poor alinement 
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of electrodes, (3) water-cooling of electrode clamps to remove excessive 
heat, thus preventing deterioration of the parts and, at the same time, 
cooling the electrodes when necessary, (4) provision for adjustment of 
distance of holder from the spectrograph slit by an optical bench to 
permit variation in illuminating conditions, and (5) a hood for protec- 
tion against light, fumes, and electric shock. 

The design of the holder to be described is based on the suggestions 
of several operators and incorporates improvements found advisable 
by tests on a preliminary model. 


II. DESIGN AND CONSTRUCTION 
1. GENERAL FEATURES 


A view of the holder, with the housing opened to expose the parts, 
is given in figure 2. Details of its design and construction are shown 
in the assembly drawing reproduced in figure 1. The holder consists 
of a heavy steel base, 1, standing on three legs (two V’s and a flat) 
that rest on the optical bench. The base is locked to the bench by a 
claw, 2, and is fitted with a slide that is moved transversely by con- 
trol, 3. The slide carries two steel upright rods, 4, that guide the 
electrode supports, 5. Each support consists of an H-shaped brass 
yoke, constructed from tubing and block brass, with a forward ex- 
tension upon which is bolted a Bakelite plate, 6, carrying the elec- 
trode clamp, 7. The uprights, 4, are braced at the upper ends by a 
plate, 8, on which is mounted the upper control assembly, 9. This 
control provides vertical movement of the upper electrode support 
through miter gears and a screw, 10, threaded into the support. The 
screw chosen for this holder has a pitch of 1.5mm. Precise setting of 
small electrode distances is provided by a drum, 11, mounted on the 
screw and graduated with 15 divisions, each division corresponding 
to a 0.1-mm travel of the electrode support. Independent motion 
of the lower electrode support is provided by a control, 12, with gears 
and a screw, 13, similar to the upper electrode assembly. The ex- 
posed metal parts, except the electrode clamps, are nickel-plated to 
resist corrosion. 

2. ELECTRODE CLAMPS 


Enlarged views of one of the electrode clamps are shown in section 
D of figure 1. The clamp jaws are made of two pieces of copper, one 
forming the movable jaw, 14, and the other the fixed jaw, 15. The 
motion of the jaw, 14, is precisely limited and controlled by a slide 
and ways on each side of the clamp. A quarter-turn of the knob, 18, 
provides the necessary opening and closing of the jaw (Xe. in.) through 
an eccentric shaft, 17. A spring, 20, provides a fixed tension on the 
jaw for clamping the electrodes. The clamp assembly extends 
through the opening between the holder uprights and terminates in a 
binding post for connection to electric power. The back cover, 22, 
of the eccentric and spring box is Bakelite, and the face cover, 23, 
exposed to the source is made of brass. 

The electrode jaws are drilled to accommodate a variety of elec- 
trode diameters for the lower and upper clamps, respectively, as 
follows: % in. vs %in., 4%in. vs ¥in., 4¥in. vs %in., and % in. vs %e in. 
Slight variations from the standard electrode sizes cause no diffi- 
culty in clamping if the holes are made slightly oversize. Split cop- 
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Ficure 1.— Assembly drawing of electrode holder. A97911-—43 (Face p. 42) \srew/ 
A, front view; B, side view; C, top view; D, detail of electrode clamp. iT» 
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r bushings, machined to fit the jaws, permit other electrode com- 
hinations. The jaws of the clamp, once accurately alined, have 
maintained alinement during continuous use. All corners and edges 
of the jaws are rounded and the parts streamlined to facilitate clean- 

Copper tubes inserted through the jaws serve for water cir- 
ulation. Finally, an accessory clamp shown in figure 3, which 
commodates flat bar, disk, or sheet samples, may be quickly 
wked into either the upper or lower electrode clamp. 


3. WATER-COOLING SYSTEM 


The electrode jaws are cooled by water circulated from a reservoir 
val bottle) by means of a small rotary pump, the water flowing 
iecessively through the four jaws of the clamps before returning 
io the reservoir. Connections in the water system are made by 
cum-rubber tubing and glass. This, combined with the use of dis- 
tilled water in the system, is effective in preventing the leakage of 
oh-voltage (35,000-v peak) power. The closed water system, always 
room temperature or slightly higher, ensures freedom from 
condensation of moisture on the holder when not in use. As a con- 
venience in operation, the pump motor is connected to power through 
a master switch which closes electric circuits to the spectrograph 
mtrols, a rotating sector, and a ventilator. Under these condi- 
tions the water-cooling system requires little attention from the 

operator. 

4. HOUSING 


The housing of the holder is built with a frame of \-in. angle iron 
and a covering of galvanized sheet iron, and is finished in black crackle 
enamel. The forward half of the housing, which is supported on 
hinges at the side, forms a door to provide access to the holder. When 
the door is opened, a switch and safety circuit shut off the power 
circuit to the electrode clamps and a second switch closes a circuit 
to a lamp mounted in the corner of the door. The door opens to a 
stop so arranged that the lamp is placed in a position to project an 
image of the electrodes to a screen on the optical path for adjust- 
ment of the electrode positions. The lamp serves also to illuminate 
the interior of the housing. 

Openings are cut in the front and back of the housing for the 
passage of light along the optical path. Ventilation is provided 
by a hood at the top of the housing, connected through a flexible 
tube to a ventilating system. A small upward current of air is 
sufficient; excessive air currents will make an are discharge unsteady 
or even extinguish it. The housing is grounded through the base of 
the holder and the optical bench. 


III. APPLICATIONS OF THE HOLDER 


The holder has been employed for spark excitation with the various 
electrode combinations employed in the Bureau’s spectroscopic 
laboratory. These include the spark between metal rods of sizes 
irom in. to % in. in diameter, between \-in. graphite rod and flat 
metal specimens, and between pressed pellets 4 in. in. diameter and 

. in. to % in. long. Cooling of the spark electrodes is useful when 
small electrodes or sheet-metal specimens are sparked. Sheet-metal 


sumples may be mounted either vertically in the slot between the jaws 
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of the lower clamp or held horizontally in the accessory holder (fig. 3 
with a supporting block of copper for rapid heat conduction. The 
sample in this case is opposed by a counter electrode of graphite 
The holder has been found advantageous in establishing a reproducible 
condition of heat conduction from the electrodes. With holders 
previously used in this laboratory, considerable variation in conduc- 
tion has been encountered, especially after deterioration of the holders 
in use. 

Excitation by the a-e are generally requires close control of aline- 
ment and gap distance of electrodes. In order to set the electrodes 
accurately for small gaps, the upper electrode is lowered almost in 
contact with the lower electrode, the clamp is opened slightly, per- 
mitting the upper electrode to drop into contact with the lower, the 
clamp is then released to grip the electrode, and, finally, the electrode 
is raised the required distance, which is measured on the graduated 
drum (fig. 1, part 11). The holder was found satisfactory not only 
in meeting the requirement of accuracy in the settings, but also in 
providing the advantage of cooling the electrodes. Small pellets or 
\-in.-rod samples may be arced with little danger of overheating. 
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Ficure 4.—Electrode assembly for direct-current arc excitation. 
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Direct-current are excitation results both in radiation of heat and 
evolution of hot, corrosive vapors. The design of the electrode 





mps and efficient water cooling have proved effective in meeting 
} these conditions for rapid and continuous use of the holder. The 
F cooling of electrodes of various metals in the form of compressed 
} pellets permits use of currents as high as 10 amp without danger of 
F melting the electrode except at the end. However, if heat is required 


the electrode, as in volatilizing samples from a hot graphite anode, 
nsatisfactory results may be observed with the e¢ ustomary electrode 
apes. As a result of the high cooling efficiency of the holder, the 
etrodes are attacked only on the extreme ends with currents as 
coh as 15 amp. To overcome this difficulty, the d-e are electrode 
sembly was modified to provide an electrode combination that has 
roved adaptable to a number of applications of the d-e are, both 
rr the water-cooled holder and common clip holders. The assembly, 
vith dimensions shown in figure 4, consists of a -in. upper cathode 
tapered to a point and a lower anode combination in two parts— 
first, a graphite base and pedestal supported in the electrode clamp; 
and, second, the electrode cap. The cap is drilled at both ends, the 
depth of the upper cup depending on the degree of heating required 
} and the size of sample charge. By virtue of the low heat conductivity 
) between the cap and the pedestal, the cap becomes very hot with 
nly slight attack on the pedestal. This electrode combination gives 
producible excitation and requires a smaller quantity of gr aphite 
iad which is a welcome economy when expensive high-purity elec- 
trodes must be used. 

Experience with two of the improved electrode holders for numerous 
tests under various conditions shows that they have increased the 
speed of miscellaneous testing, provided more reproducible electrode 
orientation, and contributed to the safety and ease of operations. 


The authors acknowledge the helpful suggestions of H. R. Mullin, 
of the Spectrographic Laboratory, and of Henry Philo, of the Bureau’s 
nstrument Shop. 
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NATURE OF THE REACTION OF WOOL WITH ALKALI 
By Louis R. Mizell and Milton Harris ! 





ABSTRACT 


rhe course of the reaction of the cystine in wool with alkali has been reinves- 
ted. The earlier findings that one sulfur atom is split from each molecule of 
ine are confirmed. Of the residual noncystine sulfur in the alkali-treated 
ol, more than 25 percent has been accounted for as lanthionine. No significant 
iounts of sulfhydryl groups are in the treated wools. The results lead to the 
nclusion that the alkali cleavage of the disulfide group does not consist pri- 
ily in a hydrolytic rupture between the sulfur atoms with the formation of a 
fhydryl compound and a sulfenic acid, as postulated earlier; rather, they are 
re consistent with a mechanism recently advanced by Nicolet and Shinn, 
ch involves a rupture between sulfur and carbon to yield dehydroalanine and 
CH, —S—SH residue. An atom of sulfur is then eliminated from the latter 
| the sulfhydryl group thus formed reacts with dehydroalanine to form lan- 
nine. 
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I. INTRODUCTION 


One of the most characteristic chemical properties of wool is the 
ease with which it is degraded in alkaline solutions. In earlier investi- 
gations [1, 2, 3]? it was shown that such degradation is closely asso- 
ciated with the lability toward alkalies of the disulfide groups in the 
cystine of the wool. <A study of the course of the degradation revealed 
that during the early stages, a rapid splitting off of a portion of the 
sulfur occurred, the amount of sulfur being lost closely approaching 
50 percent of the original total [2]. This behavior led to the conclusion 
that the first step in the alkali degradation of wool is a splitting of the 
disulfide group to yield one labile and one comparatively stable sulfur 
group. Such a conclusion appeared to agree well with a view that had 
been proposed by Schéberl and Eck [4] to explain the lability of sulfur 
in various disulfides. According to these investigators, the cleavage 
of disulfides by alkali consists in a hydrolytic rupture of the disulfide 
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linkage with the formation of a sulfhydryl compound and a sulfenic 
acid according to the following scheme: 





R—CH,—S—S—CH,—R *RCH.SH+ HOSCHLR. | 


The sulfenic acid, being extremely reactive and unstable in alkaline 
solution, immediately loses H.S to form an aldehyde as follows: 





RCH,SOH—~ RCHO+HSS. 
Another possibility given consideration at that time was that proposed 
by Nicolet [5], who postulated that the removal of sulfur from cystine 
by alkalies takes place as an elimination of hydrogen sulfide from an 
intermediate enolized form according to the following equation: 


CH,—SH CH,—SH CH, 
CH—NH), C—NH; C—NH,+H,S 
— | ——- | 3 
U=0 C—OH er t, 
OH OH OH 


He further suggested that from cystine, HS. would split out. Since 
this mechanism obviously failed to explain the loss of nearly half of 
the sulfur, little further attention was given to it. 


Although Schéberl’s hypothesis was consistent with the loss of 


about half of the sulfur, it failed to explain a number of other observed 
facts. For example, his explanation calls for the production of sulf- 
hydryl and aldehyde groups, whereas tests for each of these groups 
on hydrolysates of the alkali-treated wool were definitely negative. 
As pointed out earlier [2], there existed the possibility that recombi- 
nation between the aldehydic and sulfhydryl groups may have 
occurred under the conditions of the hydrolysis. However, it was 
subsequently shown [6] that few if any free sulfhydryl groups are 
present in the alkali-treated wool even prior to hydrolysis. In addi- 
tion, this hypothesis, when applied to wool, would result in the rup- 
ture of the disulfide cross-links, a process which would be expected to 
yield a material of very low strength and extremely high alkali- 
solubility [7]. Yet samples of wool, treated with alkali by methods 
described elsewhere, exhibited relatively high strengths and low 
alkali-solubilities (see table 1). In fact, the properties of the alkali- 
treated wools were such as to strongly suggest that if the disulfide 
cross-links are destroyed, they are in a measure replaced by new 
linkages. 

Considerable support for the view that new linkages can replace 
ruptured ones was found in the recent work of Horn, Jones, and 
Ringel [8], who succeeded in isolating from alkali-treated wool a 
sulfur-containing amino acid having the formula (HOOC—CH(NH,) 
—CH,).S, which they named lanthionine. Since practically all of 
the sulfur in undegraded wool can be accounted for as cystine sulfur, 
it seems certain that this new amino acid is a product of the reaction 
of the cystine in wool with alkali. More recently Nicolet and Shinn 
[9] have offered an explanation for the formation of lanthionine, 
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stulating as a primary reaction a split between carbon and sulfur 


NH NH NH NH 
| | | | ; 
(4) 
Oo O H 
| 
—C—C—CH,—8—8H = —C—C—CH,SH+S (5) 
| 
NH NH 
| | 
) H O O H H O 
1] | | | 
(CC. Calin me. a 8, OO (6) 
| | | 
NH NH NH NH 
Cysteine Dehydro- Lanthionine 


alanine 


This view has many advantages over the Schéberl hypothesis’ 
since it not only explains the loss of half of the sulfur, but in addition 

neets the requirements for linkage rebuilding and thus accounts 
for the relatively high strength and low alkali-solubility of alkali- 
treated wools. Finally, it offers an explanation for the absence of 
significant amounts of sulfhydryl and aldehyde groups in the wool 
hydrolysate. 
“On the basis of the new point of view resulting from the work of 
Horn, Jones, and Ringel, and that of Nicolet and Shinn, it appeared 
desirable to reinvestigate the course of the reaction of wool with 
alkalies. 


Il. EXPERIMENTAL PROCEDURE 
1. PREPARATION OF ALKALI-TREATED WOOLS 


The reported yields of lanthionine from alkali-treated wools (about 
5 percent [8]) are low. While it is recognized that the values obtained 
by isolation methods are always low, nevertheless it should be 
possible to form larger amounts of this amino acid in the alkali-treated 
material if the reaction proceeds as suggested. On the basis of earlier 
work [2], it appears that sodium sulfide, one of the products of the 
reaction of wool with alkali, could interfere with the formation of 
lanthionine in either of two ways. It might compete with cysteine 
in the reaction with dehydroalanine (eq 3), or it could split unreacted 
disulfide linkages and thus lower the amount of dehydroalanine that 
could be produced. 

In order to overcome this difficulty, resort was had to a flow method, 
in which a fresh solution of alkali, either at 0° or 50° C was allowed to 
flow continuously over the wool. Thus the reaction products were 
constantly washed from the fibers. In addition, by working at these 
lower temperatures instead of at the boiling point, secondary reac- 
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tions would be kept at a minimum. At the lower temperature, 350 
g of wool were placed in a 12-liter flask fitted with an inlet and an 
outlet tube. The flask was immersed in a water bath at 0° C, and 
0.1 N NaOH, precooled to 0° C, was continuously flowed over the 
wool for 600 hours at a rate of about 2 liters per hr. In the experi- 
ment at 50° C, 133 g of wool was placed loosely in a cheesecloth bag, 
attached to a plunger, and agitated in a monel-metal cylinder that 
contained about 10 liters of 0.1 N NaOH solution at 50° C+2°, 
Fresh solution at the same temperature was continually siphoned into 
the bottom of the cylinder at a rate of about 12 liters per hour for 8 
hr. The liquid in the cylinder was maintained at a constant level by 
removing the spent solution as rapidly as the fresh solution was intro- 
duced. 

At the end of each treatment, the samples were removed from the 
alkali and washed with distilled water. A sodium nitroprusside 
test, used for the qualitative detection of sulfhydryl groups, was 
negative on both samples. Immediately after the washing treatment, 
small portions of the wools were treated with benzyl chloride [7] in 
order to combine any cysteine residues that might be present. 


2. ANALYTICAL PROCEDURES 


The cystine analyses were made by the Sullivan method [10], sulfur 
analyses by the oxygen-bomb method [11], alkali-solubilities by the 
method of Harris and Smith [12], and serine analyses by the method 
of Nicolet and Shinn [13]. 


3. ISOLATION OF LANTHIONINE 


Lanthionine was isolated from the alkali-treated wool by a slight 
modification of the procedure described by Horn, Jones and Ringel {8}. 
The modification was to remove residual cystine from the residue 
containing the water-insoluble amino acids, and the method was carried 
out as follows. The residue was taken up in 150 ml of water and con- 
centrated ammonium hydroxide was added dropwise until the residue 
was completely dissolved. One and one-half grams of sodium cyanide 
was then added to the solution, and the mixture was allowed to stand 
1 hr, after which it was made acid to litmus by the addition of acetic 
acid. The solution was kept in a refrigerator for 48 hr, and the 
crystals which formed were filtered off. The filtrate was concentrated 
in a vacuum and allowed to stand in a refrigerator for 3 days and the 
crystals again collected. A third batch of crystals was obtained by 
again concentrating the filtrate. The crystalline precipitates were 
combined and further purified by suspension in 50 ml of water and 
by adding concentrated NH,OH dropwise until the solution was 
complete. A small amount of impurities was filtered off, and on 
acidifying the solution with acetic acid, a precipitate of wedge-shaped 
plates [8] was obtained. Analyses on the material were as follows: 

C H 
Co: a ee pei %.-... 34 59 5. 81 15. 41 
EN ei ee %.... 34.09 5. 70 15. 30 
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III. RESULTS AND DISCUSSION 


The effects of the treatments with alkali by the flow method are 
hown in table 1. Confirming earlier findings, it is seen that there is 
ood agreement between the experimental values for the cystine 
mtents of the treated wools and those calculated on the assumption 
hat a molecule of cystine is destroyed for each atom of sulfur lost. 

iat little, if any, free cysteine is in the alkali-treated wools is indi- 
ted by the values for the samples alkylated with benzyl chloride. 
This follows from the fact that in the Sullivan method both cystine 
nd eysteine are determined, but not thioethers such as would be 
rived from the reaction of cysteine with benzyl chloride. Had any 
ypreciable amounts of cysteine been present, the cystine values for 
those samples treated with benzyl chloride would have been much 
iower. 


TABLE 1.—Effect on wool of treatment with alkali by the flow method 











Cystine } 
Sample = ____| Total Alkali- ey. 
Sampk sulfa | solubility Serine 
Found | Calculated ! 
0.1 N NaOH flow for 600 hours at 0° C 
te. ' a a a % | Di 8. 
d dese 11.3 | 3 50 10.5 9.5 
ted Mpegs! 4.4 | 3.1 | 40 5.0 9.4 
ed+CeHsCH:Cl RN Re Ed See inn | 4.2 | | is 
| | | a Nemes 
0.1 N NaOH flow for 8 hours at 50° C 
"REE Somer nee if 2 | ees 3. 50 
| 2.7 Ld] 1. 98 = 


1+CeHsCHiCl. 





y ulated on the basis that each atom of sulfur lost by the wool represents the destruction of 1 molecule 
ine, 


The question as to the fate of the residual noncystine sulfur in the 
treated wool arises. Earlier [2] it was suggested that a stable thio- 
compound was formed. ‘Thus, for example, if the view of Schéberl 
were correct, a thioacetal could be formed. On the other hand, if 
lanthionine is the end product, the original mechanism postulated by 
Schéberl would not hold. As pointed out previously, however, the 
reported yields of lanthionine have been so low that there w ould be 
serious objec tions to the assumption that the alkali-degradation of 
the cystine in wool resulted principally in the formation of lanthionine 
as an end product. 

In the present investigation, considerably higher yields of lanthio- 
nine were obtained. From a 94.7-g sample of wool that had been 
treated for 600 hr at 0° C, 1.47 g of lanthionine was obtained. Since, 
as seen from table 1, the cystine content of this sample had decreased 
6.9 percent, a theoretical yield of 5.67 g of lanthionine might have been 
— ted. The actual yield was thus 25.5 percent. Similarly, 2.2 g 
of a theoretical 7.7 g of lanthionine (28.8- -percent yield) was obtained 
from the sample treated for 8 hr at 50° C. While these results ac- 
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count only for somewhat more than one-fourth of the sulfur which js 
no longer present as cystine, nevertheless, the amount is appreciable 
and, in view of the difficulties involved in the isolation technique. 
serious consideration must be given to the possibility that lanthio- 
nine may be a principal end product in the reaction of the cystine in 
wool with alkali.’ 

It should be pointed out that lanthionine might conceivably be 
formed by the reaction of cysteine with a dehydroalanine residue 
which might be formed from the reaction of the serine in wool with 
alkali [9]. That this was not the case is indicated by the data in the 
last column of table 1, which show that at 0° C the original content 
of serine has not been altered by the alkali treatment. 

lf, as the results of the present investigation indicate, an appreci- 
able amount of sulfhydryl groups is not present in the alkali-treated 
wool, there still remains to be explained the apparent abnormal base- 
binding capacity of wool. It will be recalled that wool fails to reach 
equilibrium with alkaline solutions in titration experiments, a fact 
that was attributed [14] to the reaction of the base with the disulfide 
groups of the cystine. More specifically, on the assumption that the 
cleavage proceeds according to the Schéberl hypothesis, it was postu- 
lated that the ‘extra’ base was bound by sulfhydryl groups (eq 1). 
Obviously, this postulate is no longer valid and a new explanation 
must be sought. The earlier titration experiments indicated that the 
apparent “‘extra’’ base bound was equivalent to the sulfur which split 
from the wool. In light of Nicolet’s hypothesis (eq 4, 5, and 6), the 
phenomena could be accounted for if the sulfur which is split from the 
wool (eq 5) reacted with base in such a way as to consume 1 equivalent 
of base per sulfur atom. In order to test this possibility, 0.0109 ¢ of 
sulfur was dissolved in 20 ml of ethyl alcohol * and the solution mixed 
with 20 ml of 0.1242 N sodium hydroxide. The solution was kept at 
25° C and aliquots withdrawn at intervals, and titrated with standard 
hydrochloric acid. The results are given in table 2. 


TABLE 2.—Reactlion of sodium hydroxide with sulfur (0.0109 g) at 25° C 


NaOH cor 
Time | Total NaOH | NaOH con- | suined |] 
a0 | present sumed | M-¢ 
sulfur 
hr | M-eq M-eq M-¢ 
a. 2.48 
] 2. 32 0.16 
20 2.19 . 29 
48 2.18 0) 
115 2.18 . 30 


It will be seen that nearly 1 equivalent of sodium hydroxide per 
atom of sulfur has been consumed. While the nature of reaction o! 
sulfur with sodium hydroxide is not clear, nevertheless, the results a1 
sufficiently close as to be able to account for the so-called “extra” 
base take-up in titration experiments. Finally, it may be pointed out 
that the results of these titration experiments, although constituting 


’ This suggests that the permanent set, of the type produced by treating wool fibers with alkali, mayr 
in part from the form atic noflanthionine. Such a possibility has already been pointed out by Spea 
and WI ewell [3], since they have succested that —C —S—C— bonds might be formed under these condit 


¢ Sulfur is not readily soluble in dilute NaOH. In the degradation of the cystine in wool, atomic su 
involved and would immediately go into solution. 
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nly indireet evidence, may be considered as further support for the 
ion proposed by Nicolet and Shinn. 


WASHINGTON, November 24, 1942. 
) b] 
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PHOTOCHEMICAL STABILITY OF .PAPERS 
By Herbert F. Launer and William K. Wilson 


ABSTRACT 


Papers were irradiated with a carbon are through a filter that completely 
eliminated infrared, and ultraviolet shorter than approximately 330 millimicrons. 
Sheet temperature was kept near 30° C during irradiation, through contact with 
, thermostated metal backing, thereby eliminating heat effects, shown otherwise 
to overshadow light effects, using intense sources. 

In consequence, the results differed from those of previous workers. Yellowing 
of papers (without lignin) commonly ascribed to light was found to result from 
heat or age, but not light; papers bleached when heat effects were eliminated 
during irradiation. Even lignified paper was bleached by light in nitrogen. 

Paper scorched brown at high temperatures or yellowed at 100° C, and yellow 
papers 250 years old were bleached by light. 

Lack of oxygen inhibits but does not altogether prevent photochemical deterio- 
ration. The role of water vapor differs fundamentally for cotton and wood-pulp 
paper. 

Lignified paper is very unstable to light. Printers’ ink extensively protects 
paper. 

Irradiated papers are subsequently less stable in the dark than those not 
previously irradiated. 

The order of photochemical stability of papers was as follows: new-rag, refined 
sulfite, old-rag, soda-sulfite, and newsprint. The light stability of new-rag 
papers was greatly affected by acid and rosin, whereas that of old-rag and soda- 
sulfite was only slightly affected, in contrast to heat stability, for which pH is 
important for all fibers. Newsprint, made neutral with NaHCQO;, showed a 
large inerease in light stability. Rosin did not seriously affect the stability of 
uny papers as long as their acidity was low. 
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I. INTRODUCTION 


The effect of light upon paper is one of the most important prob- 
lems in the preservation of valuable records. Irreplaceable docu- 
ments are being exhibited under conditions which may be unneces- 
sarily adverse. This investigation was undertaken as a part of the 
general program of research at the National Bureau of Standards for 
the preservation of records, and deals with the factors influencing the 
light stability of white record papers, not only as regards atmospheric 
conditions but also with respect to paper components. <A third phase 
of the subject, namely, the relative deterioration occurring at various 
wavelengths of the spectrum to which papers are ordinarily exposed, 
is still in the process of investigation. 

The stability of papers toward various types of light has been the 
subject of previous investigations. Richter [1]! exposed a variety 
of papers, differing in kinds of fiber and sizing, to direct sunlight, and 
in a few experiments to a quartz-mercury arc, and measured the 
consequent changes in folding endurance, and to a lesser extent, 
changes in chemical characteristics. Edge and McKenzie [2] meas- 
ured changes in the refiectance of wood-pulp papers exposed to direct 
sunlight, a quartz-mercury arc, and a carbon are. Oguri [3] measured 
the changes in copper number of a tissue paper and a filter paper caused 
by a quartz-mercury are. The effect of sunlight upon newsprint was 
studied by Bakker [4]. 

[t is evident, however, that these types of light do not correspond 
to the light to which papers are normally subjected, namely, diffused 
indirect daylight transmitted by window glass or tungsten incandes- 
cent-lamp light. The exact duplication of sky light as transmitted 
by window glass is not necessary for a study of the effects of normal 
lighting upon papers, nevertheless, certain objectionable character- 
istics of direct sunlight or of the usual high-intensity sources can be 
eliminated. The ultraviolet region of sunlight extending from 290 
to 330 millimicrons, shown by Richter [1] to account for almost half 
of the effect of sunlight upon paper, is normally excluded by window 
glass and, therefore, has no counterpart in interior daylight. Also, 
Oguri [3] has shown that over 90 percent of the radiant energy from 
a quartz-mercury are harmful to paper is excluded by window glass. 

Intense sources, including direct sunlight, furthermore, give rise to 
temperature effects which have no counterpart in interior daylight. 
The high temperatures attained by sheets of paper during irradiation 
with powerful light sources was discussed by one of the writers else- 
where [5]. 

Kohler [6] exposed some papers covered with various colored glasses 
to north sky light, as well as to direct sunlight, and thus, in the former 
procedure, avoided the objection mentioned. The purpose of his 
investigation, however, was to select a protective window glass for 
the Archives at Stockholm from various commercial products rather 
than a study of factors affecting the stability of papers. The study 
was limited to three papers, for which changes in folding endurance 
were measured. Changes in copper number for one paper during the 
128-day period of exposure were also measured. The changes during 
this period were quite large owing to the rather poor quality of papers 
used, since the best, a rag paper, had an initial copper number of 1.6. 


1 Figures in brackets indieate the literature references at the end of this paper. 
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In the present investigation a large number of experimental book 
| writing papers produced in the paper mill at the Bureau, as well 
commercial newsprint paper, were irradiated under conditions that 
re rigidly controlled. The papers, which embodied large differ- 
s in kind and quality of fiber, content of lignin, rosin, and other 
ng materials, acid, and filler, were maintained near 30° C (30° 
2°) during irradiation. All unusually short and long wavelengths 
e excluded by a special filter combination. The relative humidity 
fixed at a definite value, except when moisture or oxygen content 
; intentionally varied. 
In the present work, it is believed that the conditions under which 
it usually affects white record papers have been attained more 
rly than heretofore, and that the results dealing with the factors 
ee the light stability, the permanence of papers once exposed 
eht, and the color changes in papers caused by light, are representa- 
© of the behavior of record papers under the most prevalent condi- 
tions of use. 


II. APPARATUS 


{ commercial are lamp with '-inch electrodes of solid carbon, 
nelosed in Pyrex, operating at 2,080 watts and 16.5 amperes, was 
din all experiments. The flame of the are was 15.8 em from the 
center of the sheet during irradiation. In combination with this 
lamp, a liquid filter [5] consisting of a glass cell, made up of one sheet 
of Corex-D glass and one sheet of ordinary window glass, and through 
which was pumped a 0.117-A/ solution of cuprie chloride to remove 
the infrared, was used. The radiant energy thus reaching the papers 
sisted essentially of the strong cyanogen band at 389 millimicrons 
| superposed on a black-body continuum arising from the incan- 
descent positive electrode, and did not include any radiant energy 
having a wavelength shorter than approximately 330 nor longer than 

\ millimicrons. 

The spectral distribution of this light and that of the sky lght ? 
niering the laboratory through windows was studied by the method 
f transmission through glass filters having sharp cut-offs and known 

spectral-transmission curves. A two-photocell balanced circuit with 
potentiometer (for the are light, an automatic-recording potenti- 
ometer) was used for measuring transmissions. It was found that 80 
percent of the filtered are light lay in the region be ‘tween approxi- 
mately 330 and 440 millimicrons. Of the sky light, 25 percent was 
found to lie in this region and less than 0.1 percent the infrared 
region beyond 750 millimicrons. 

Inasmuch as the light usually affecting papers is in the region ® 
between approximately 330 and 440 millimicrons, and since the 
filtered are Jight included neither the shorter ultraviolet nor infrared, 
it is probable that the light used in this work differed from normal 
lighting in its effect upon papers mainly in intensity. 

The remainder of the apparatus and its effectiveness are described 
in detail in a paper by one of the writers [5]. Principal emphasis was 
placed on control of the temperature of the paper during irradiation. 
The temperature of the sheets was maintained near 30° C by intimate 
contact, through suction, with a thermostated aluminum backing, 


2} istern sky at 2:15 p. m. on aclear day (April 23, 1942) 
Unpublished findings by the present writers. 
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supplemented by the removal of most of the undesired infrared. The 
air which continually flowed through the sheets during irradiation was 
kept at constant moisture content corresponding to a relative humidity 
of 58 percent at 30° C. For experiments in which moisture was 
practically excluded, the air was dried to a relative humidity not 
higher than 0.015 percent by continuous circulation over anhydrous 
magnesium perchlorate. For experiments in which oxygen was prac- 
tically excluded, dry nitrogen was continuously circulated over 
copper gauze at 500° C, giving a content of Oy of less than 0.03 percent. 
For one experiment the content of O2 was probably much lower than 
this figure, since a small glass irradiation chamber was substituted 
for the usual large one to reduce leakage of O, into the system by 
diffusion. 

These were the usual conditions of irradiation. In afew comparison 
experiments the cupric chloride cell and paper thermostating arrange- 
ment were omitted. The distance from the are to the sheet was 
changed in certain experiments. Papers were usually irradiated on 
one side of the sheet, although in many experiments both sides were 
irradiated. Departures from the usual conditions are stated in each 
instance. 


III. SAMPLES STUDIED AND METHODS OF ANALYSIS 


Thirty-one representative white, undyed book and writing papers 
produced in the semicommercial paper mill at the National Bureau 
of Standards from a variety of commercial materials were used for 
study. The pertinent characteristics of the papers are listed in the 
tables accompanying this publication. The papermaking details 
were given in other publications of the Paper Section [8]. One 
commercial newsprint paper was also included in the study. This 
paper may be considered as representative of highly lignified papers 
in general, and was very useful because of the large chemical changes 
caused in it by relatively mild exposures to light. Some very old 
commercial papers were used in a few experiments. 

The names of the various types of papers used in the investigation 
are those current in the paper industry and probably require definition. 
‘“‘New rag” is obtained from unused cotton fabric and represents a 
type of cellulose with relatively large stable molecules. ‘Old rag” 
is used cotton fabric which has been bleached, often drastically, to 
remove colors, and represents a type of cellulose with smaller mole- 
cules arising from this treatment and from the wear and washing 
of the fabric as a garment. Soda and sulfite pulps are produced from 
wood by alkaline and acid treatments, respectively, to remove lignin. 
These represent the cheaper grades of pulps used for record papers 
and contain substances other than cellulose, which produce yellowing 
and deterioration of the paper with age. ‘‘Refined”’ sulfite, therefore, 
is sulfite pulp which has been subjected to treatments designed to 
remove the substances other than cellulose, and is thus a more stable 
material. Newsprint consists largely of ground wood containing the 
original lignin. 

Various test methods to determine the extent of deterioration 
caused by light were employed. The volumetric alpha-cellulose 
method was found to be the most generally useful. pH (cold extract) 
and resin were also determined. These three methods are described 
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elsewhere by one of the writers [9]. Fluidities of dispersions of 
cellulose in cuprammonium solution were measured [10] in a number 
of instances. Copper number and folding endurance [11] were also 
determined. 

Since the values for copper number merely substantiated the alpha- 
cellulose results, they are omitted except in a few cases of particular 
interest. The values for folding endurance are also omitted, inasmuch 
as they also substantiated the alpha-cellulose results, but with far less 
precision, owing to the nature of the test. In general, after 17 hours 
of irradiation the rag papers had retentions of folding endurance up- 
ward of 75 percent, whereas the soda-sulfite papers ranged between 
50 and 85 percent. 

Although the alpha-cellulose results, as determined by the method 
employed, are practically independent of the presence of lignin in 
most analyses, this fact had to be confirmed for control analysis for the 
action of light. Therefore, a sample of irradiated newsprint was 
analyzed for alpha cellulose by both the volumetric and gravimetric 
method. Since in the gravimetric method the amount of lignin 
present must be corrected for, the lignin content was determined by 
the method of Ritter and Barbour [12]. Certain other lignin analyses 
were also carried out, using this method. Starch and glue [11] were 
also determined in a few instances. 

The irradiated area of each sheet was 20 by 20 cm. pH, resin, and 
folding endurance were determined from strips; other tests were made 
on ground papers. Two, and often three, sheets of the same paper 
were irradiated, one at a time, to make possible all of the tests desired 
and to check and sometimes recheck experimental results. 


IV. EXPERIMENTAL RESULTS AND DISCUSSION 


il. CHANGES IN PAFERS DURING IRRADIATION WITH AND 
WITHOUT TEMFERATURE CONTROL OF SHEETS 


Inasmuch as stress in this investigation was laid upon the study of 
effects of light alone, as contrasted with the light-plus-heat effects 
usually obtained with intense sources, including direct sunlight, it is 
of interest to compare changes in papers during irradiation under 
these two conditions. It was previously shown [5] that various sheet 
materials, including paper, attain abnormally high temperatures when 
irradiated with a commercial carbon-arc lamp under conditions similar 
to those of the usual “‘light”’ stability tests. 


(a) CHEMICAL DETERIORATION BY HEAT DURING IRRADIATION 


Two series of experiments were conducted which differed essentially 
in that the temperatures of the sheets were maintained near 30° C in 
one series, thus precluding measurable thermal deterioration, whereas 
in the other series the temperatures were not controlled. 

The sheets in both series were placed 25 cm from the flame of a 
Pyrex-enclosed carbon arc operating at 2,080 watts. No attempt was 
made to exclude the infrared in these experiments. The radiant 
intensity incident upon the sheets was 0.4 watt/cm?, as measured with 
a calibrated thermopile-recorder system, described elsewhere by one 
of the writers [5, 13]. ~ 
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The results presented in table 1 show that extensive deterioration 


due to heat took place if the sheet temperatures were not controlled 
during irradiation with an are lamp. The effect of heat may he 
several or many times greater than that of light. 


TaBLe 1.—Predominance of heat effects over light effects during irradiation * 
ihe carbon-arc lamp when sheet temperatures are not controlled 


Decrease in alpha-cellulose 
percentage 


Sheets in inti- 
Sheets freely mate contact 
suspended with aluminum 
No tempera- | backing. Tem- 
ture control ¢; perature near 
30° C 


1129 (soda-suifite 
- 


1134 (sols ilfite 


i 
ra 
I 


sieahlcianelanlinaaitial = . j 


papers were irradiated for 17 hours at a distance of 25 cm from the arc and with the same in 
in each experiment. The moisture content of the sheets was not controlled. See t 
further details of these papers. 
e¢ From the results previously published by one of the writers [5], it is estimated that the temperat 
by the sheets under these conditions was between 160° and 200° C. 


(b) COLOR CHANGES ARISING FROM HEAT AND FROM LIGHT 


The yellowing of paper upon exposure to “light”? is a familiar 
phenomenon. Richter [1] reported a yellowing of all the types of 
papers studied, including rag, purified and ordinary wood pulp, sized 
and unsized, during a 100-hour exposure to Miami, Fla. autumn 
sunlight. Sunlight, however, was used in the early days of paper- 
making to bleach papers. 

These opposite effects, bleaching and yellowing, were observed by 
Edge and McKenzie [2] with papers made from wood pulp and irradi- 
ated with sunlight." For eight papers, sunlight in England caused 
much more bleaching and less yellowing than the sunlight in the 
warmer and more humid Cairo, Egypt. Portions of the papers ex- 
posed in Cairo had been covered with an opaque paper. These 
covered portions, which were thus subjected to approximately the 
same heating as the exposed portions, yellowed more than the exposed 
portions. Specimens of the same papers, when exposed to a quartz- 
mercury or carbon arc, yellowed extensively. 

In the present investigation it was found that all of the papers, 
excepting one containing appreciable quantities of lignin, bleached 
when irradiated in air when the temperature was maintained near 
30° C during irradiation, but all of them yellowed during irradiation 
when the temperature was not controlled. 

A typical example of these two opposing effects is shown in figure | 
for paper 1129. Both sheets A and B were irradiated at 25 em from 
the flame of the same Pyrex-enclosed are. Sheet A was maintained 
near 30° C; sheet B was freely suspended without temperature control, 
as in the usual commercial ‘‘light”’ stability testing equipment. The 
extent of yellowing or bleaching was determined by measuring the 
reflectance of a particular area of each sheet for violet-blue light (the 





Photochemical Stability of Papers 61 


15- and 436-millimicron Hg lines, together) in an apparatus previ- 
isly described elsewhere [14]. 
The two competing processes, bleaching and yellowing, are thus 
hown to have occurred simultaneously, the net observable effect 
licating whether light or heat changes rege Thus, if ¢ 
hite paper turns yellow when irradiated, it may be inferred that 





TEMPERATURE OF SHEET NEAR 30° C 
TEMPERATURE OF SHEET NOT CONTROLLED 








| J 
5 10 15 


PERIOD OF IRRADIATION - HOURS 


Ficure 1.—Color changes in paper irradiated with and without temperature control, 
using the carbon arc. 





reactions other than photochemical ones have played the dominant 
role. 

These remarks do not apply to papers containing appreciable quan- 
tities of lignin, for this material caused yellowing of pi uper even in the 
absence of heat effects. Extensive yellowing occurred in newsprint 
when irradiated under the usual conditions at 30° C in air. This 

vellowing resulted from the lignin and was obviously different from 
the yellowing of cotton fibers containing no lignin, or the yellowing of 
delignified wood fibers, such as in paper 1129 and the other soda- 
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sulfite papers which contained less than 0.5 percent of lignin. How- 
ever, when the yellowing due to lignin was prevented by lack of oxygen 
the cellulose fibers in newsprint were bleached by light. This yellow- 
ing and bleaching of newsprint by light is shown in table 2, experi- 
ments N and N-no O,.* 


TABLE 2.—Effect of light and heat upon the viol«t-blue reflectance* of papers 











| | Effect of light,> then heat,e | Effect of heat, then light 
| flectanc reflectance 
Paper number | | on refiectance reflectance 
ens 
17 hou 


and experimental Kind of paper ——— = eae = 
ee | Original |, 1i8ht || teat | Original | Heat 
oe | 40 hours 4 boa — i 


% | 
41.8 |} 
33. 


62. 


1138 : Soda-sulfite 

1138-no H2O0__- i 

1138-no Og — es 

1133... do__... 

1143 SS Ss 

1173-_. : do_. 

1182 , E New rag. -_.-.-- 

 —_——= — 

: = lars 

| Se a vs 

| Refined sulfite_ 

See eet ARES 

== A | Newsprint-.--- } 

N-no O2____- ee ee ; | 

p-1700___.__- | Rag, very old_.- | 

p-1791_- do | 
| 


e«@e 
167 on on 
DS 


7 
n 


YaWIs 
»>WOWDWNOords wd 


no 





INF OOCOKDRPON KH KH DDNwW 


| 
ee | Sulfite, scorched __._- 
i 





® The reflectance at 45° from normal incidence, for the combination of the two mercury lines, 405 and 436 
millimicrons, was measured as described in a previous publication [14]. 

b The light was that of the are lamp under the usual conditions of irradiation, for the time periods given 
at the head of the two columns, excepting newsprint, which was irradiated for 10 hours in these experiments. 

¢ All heating took place in air in the dark at 100° C for 72 hours. 

4 20 hours on each side of sheet. 

e These values are the reflectances of a particular area, 30 by 58 mm, of different shects of the same paper 
The measurements were always confined to exactly the same area, and the values were reproducible to 
within 0.2 percent reflectance. 





It was found that mild heating yellowed all of the types of papers, 
especially those that had been bleached previously by light. Table 
2 shows the yellowing produced in papers by heating at 100° C for 72 
hours in a dark oven. The color changes correspond, in general, to 
other chemical changes caused by heat: 1133 showed the smallest 
color change and also the lowest change in alpha-cellulose percentage 
(some alpha-cellulose changes caused by heat are given in table 12). 

It is of interest to note from table 2 that the yellow color caused by 
heat could be bleached out again by light, and that the bleaching 
caused by light could be nullified by heat, depending upon which 
process predominated. 

The yellowing effect of heat was found to be large if the paper was 
previously (or concurrently) irradiated, especially if the irradiation 
took place in the absence of water vapor, as in experiment 1138-no 
HO. In this instance, the area of the sheet which had been exposed 
to light turned much yellower during heating than the borders of the 
sheet which had not been exposed to light, since they were covered 
by the clamping mechanism during irradiation. 

Thus papers which are irradiated with strong light sources, includ- 
ing sunlight, without effective temperature control of the sheet, yellow 


th 
e 


4 An extremely low concentration of oxygen was probably attained in the latter experiment, since t! 
irradiation took place in a small, all-glass chamber which was substituted for the large chamber usually 
used [5]. The former experiment, with air, was also performed in this apparatus for purposes of comparison 
In both cases, the usual stream of conditioned circulating gas served to cool the rather limited area of paper. 
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to heat, assisted by the desiccation caused by the heat pre- 

ing in the sheet during irradiation. 
nother sheet of 1138 which had been irradiated in the absence of 
er vapor and then not used for further experimentation was stored 
cool, dark place. After 15 months it was found to have yellowed 
kedly in the areas that had been irradiated, but not in those 
cred by the clamping mechanism during irradiation. In this 
ance, age instead of heat had caused the irradiated paper to yellow. 
probably explains the yellowing observed by Kohler [6] in papers 
ised for 128 days to north sky light, under which conditions heat 
ts were probably negligible. Thus light did not cause papers 
taining no lignin) to yellow, but the irradiated fibers underwent 
tively rapid changes with age—more rapidly at higher temper- 
res—which were not photochemical and which confuse the study of 
the direct effect of light upon paper. This stresses the fact that direct- 
livlit effects must be studied not only in the absence of heat effects, but 
aiso in the absence of age effects, i. e., the light must be of sufficient 
intensity to cause a change rapidly enough to render concurrent age 

effects negligible. 

\Vater vapor and oxygen were found to play an important part in 

bleaching of paper by light, inasmuch as the lack of these gases 

ly decreased the extent of bleaching in experiments 1138-no H,O 
| 1138-no Op, although other reactions were not inhibited by the lack 
water vapor, as seen from the subsequent extensive yellowing by 
iting. Paper 1138-no O2 yellowed much the same upon subsequent 
ting as if it had not been previously irradiated (see 1138, column 6 
able A 

‘he bleaching effect of light was observed also in the case of papers 
yellowed with relatively great age or scorched at high temperatures. 
One paper, manufactured before the year 1700, was of a blotched 
brown; another, made before 1791, was of an even, deep-yellow color; 
and a third was an experimental hand sheet made from refined sulfite 

», containing a thermojunction to permit measurement of the sheet 
perature on exposure to a carbon-are lamp. This third paper had 
ined a temperature of 280° C, as shown in a previous publication 
and had been scorched to a brown color in a few minutes. These 
‘papers, when exposed to the light at 30° C, bleached extensively. 
scorched paper nearly regained its original whiteness, whereas the 
md paper became as white as a bleached new-rag paper. The 
three papers with color changes are listed in table 2 as p-1700, p-1791, 
and p-280°, respectively. 

This effect may have practical significance for documents discolored 
by age or heat; bleaching may greatly heighten the contrast and permit 
more legible photographs to be made. This method of bleaching, of 
course, has the drawback that the light concurrently causes deteriora- 
tion of the cellulose. 


2, EFFECT OF VARIOUS FACTORS UPON THE LIGHT STABILITY OF 
PAPERS 


(a) AMOUNT OF LIGHT ABSORBED AND METHOD OF ITS MEASUREMENT 


Only the light absorbed by a sheet of paper can cause deterioration, 
e extent of which is a function of the ainount of light absorbed, all 
other factors being equal. Values for the percentage of light absorp- 


497911—438——_5 


t] 
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tion and decreases in alpha-cellulose percentage for the papers 


listed in table 3. 


TABLE 3.—Infiuence of various factors upon the light stability of papers * 


Decrease in alpha- 
cellulosee percentage 
during irradiation 
for 


17 hr 40 hrf 


JE FROM OLD RAGS 


16 | 
16 
18 | 
23 | 
21 

14%, CaCO 

f4.2% Tide 

18.4% BaSOg 

{7.2% Zns8 


(5.8 BaSO, 


{PERS MADE FROM SODA AND SULFITE (1 


None 0 6.4 

8 to 10%, cial 0 6.1 
do 0 4.8 

None .6 5.6 

8 to 10% clay 9 5.8 
dao 1.6 4.9 

21% CaCOs3 1.3 8.8 

7% TiOe 5.4 

(6.27 ZnS —. 5.2 34 


15.1% BaSOy | 


PAPERS MADE FROM REFINED SULFITE PULP 


8 to 11% clay 0 6.6 
do .9 5.6 
do 8 | 4.8 


PAPERS MADE FROM HIGHLY LIGNIFIED FIBERS (NEWSPRINT) 


None 7 z 5.0 60 3 
NaHCO; added__-- i 7.2 | 65 


3 
3 


® Sheets maintained at 30° C in air at 58% relative humidity. 
For other characteristics of the papers, see reference [8]. 
Analytica] resin values corrected for natural resins, fats, waxes, etc, 
1 pH of the cold-water extract of unirradiated sheets 
* To permit comparison with the results of other workers, increases in copper numbers for representat 
papers during 40 hours of irradiation are included as follows: No. 1136, 3.2; No. 1164, 1.6; No. 1182, 2.1; No. 
1193, 1.2; No. 1203, 2.3, These changes are similar to those found by. Richter [1]. 
f 20-hr irradiation on each side of sheet. 
« Change in pH during 17-hr period of irradiation, 





Photochemical Stability of Papers 


lt was found that papers having high absorption values, the news- 

nt and the soda-sulfite papers, deteriorated more than those hav ing 

‘y absorptions, such as new rag, old-rag, and refined sulfite papers. 

; probable, however, that the fiber components were responsible 

the differences in light stability, and that the absorption was only 

identally greater, although the two factors may have operated 

simultaneously. The condition of the fiber is obviously important, 

since the old rag papers were, in general, less stable than the new 
papers. 

Other factors, such as content of lignin, rosin, and acid, are more 
mportant than the extent of absorption in determining paper deterio- 
ation, as shown strikingly by the extreme example, N-b, which, 
though having a somewhat higher absorption than N-a, was much 
more stable than the latter because of the presence of NaHCOs, 
which apparently increased the light stability of the lignin. 

Substances other than cellulose influenced the light absorption by 

sheet, with varying consequences. The rosin in 1179 almost 
ibled the light absorption but caused little or no increase in deterio- 
on. Certain fillers changed the absorptions of the rag papers with 
slight effects on light stability. The darkening of newsprint by 
addition of NaHCQs increased the absorption. These effects on 
lit absorption arose from the presence of relatively large amounts of 
naterial. It was, therefore, of interest to change the absorption of 
paper by adding only minute amounts of absorbing materials. 
Accordingly, some experiments were conducted with papers dyed by 
lipping in 1-percent acetone solutions of various dyes. Aqueous 
solutions were avoided to preserve flatness in the sheets for adequate 
temperature control during irradiation. 

The results in table 4 show that the dyeing doubled and trebled the 
light absorption but that the light stabilities of the papers were not 
lowered in every instance. The data indicate that certain dyes present 
1 very small amounts are capable of transferring the absorbed radiant 
energy to some types of fibers in such manner as to cause deterioration. 
The data also show that deterioration is not proportional to the extent 
{ absorption, other things being equal. It should be mentioned that 
the dyes were usually completely faded during the first half of the 
period of irradiation. Similar sensitization appears to have been found 
by others working with textile materials [15]. 


TABLE arious dyes®* upon the light” stability of papers 





alpha cellu- | Light ab- 
lose pe ree nt- | sorption 
age 


| Decrease in } 
| 


Paper number and dye 





1160+eosin 

1160+aniline yellow --- 

1160-+-alizarin cyanine yellow 

1160+-nigrosine 

1160+sudan ITI 

1214 a 

1214-+eosin. 2 a 
1214+cyanine gree n. s 

1203 : 

1203+eosin 

















ed by dipping in 1-percent solutions of the dyes in acetone. 
jurs of irradiation under the usual conditions. 
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The absorption values given in tables 3 and 4 were calculated from 
reflectance and transmission values, inasmuch as the fraction of th, 
incident light absorbed by the sheet corresponds to the light not los; 
by reflection and transmission. 

The absolute total reflectance and transmission of each sheet wer 
measured by methods described elsewhere in detail by one of 
writers [14]. The reflectance at 45° from normal incidence was used, 
Since the carbon are used varied greatly in color and intensity from 
one instant to another, average values for \-hour periods were obtaine« 
by substitutipg a recording potentiometer, including a 100-olim 
galvanometer, for the usual manually operated potentiometer. The 
light intensities necessary for the direct operation of this instrum 
by the photocells had to be higher than is compatible with greatest 
precision in the circuit used, but tests with rotating sectored disks. 
transmitting 25 and 50 percent, showed that transmissions could 
measured to an accuracy of +0.5- -percent transmission with this 
arrangement. 

The fractional absorption, A,, of a sheet of paper, p, is defined in 
terms of its reflectance, R,, and its transmission, 7’,, as follows: 


A,=1—R,—T,. 


In the case of a sheet mounted on an aluminum backing, as in t! 
usual experimental arrangement, some of the radiant energy trans- 
mitted by the sheet is returned by reflection to the sheet. By sum- 
ming up the infinite series of reflections undergone by this radia 
energy between the sheet and the aluminum, it can be shown that thie 
fraction of the total radiant energy available to the sheet by reflection 
from the backing of reflectance Ry, is 7,R,,/A—R,R,)), of which 
quantity the sheet absorbs the fraction A,. 

Combining the fractions of the incident and reflected light absorbed 
it is seen that the paper mounted on the aluminum backing absorbs 
the fraction A’, of the total incident light: 


A',=Af 14; a =) 


The value of Rx; was determined experimentally as follows: T! 
reflectance of a paper mounted on the aluminum backing may 
designated as F,,4;, and can be shown by the method of summation 
of an infinite series to be 

T,’R 
p ALAl 
Roya k,+— —* 
pail TTP R,, 


The quantities R,,,4,, R,, and 7,, for the light used in the usual 
experimental arrangement, were measured for three thin papers, and 
when substituted into eq 3 gave a value of R,,=0.735 as an averag 
of three closely agreeing results. 

All the values for light absorption listed in tables 3 and 4 were 
calculated by using eq. 1 and 2. Since the optical values changed 
because of bleaching, or, in the case of newsprint, yellowing, measure- 

5 This value for the reflectance of the etched aluminum backing may be compared with 0.734, the av 
reflectance for the region of 400 to 740 millimicrons, obtained frori a nee flat curve, using the Gi 


Electric Recording Spectrophotometer. This curve was obtained by H. J. Keegan, of the Bureau 
data were then converted to absolute values of reflectance. 
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is were made before and after irradiation and the average values 
| for calculation. 


(b) OXYGEN AND MOISTURE IN SURROUNDING ATMOSPHERE 


The light stability of paper was found to be very materially increased 
a lack of oxygen in the surrounding atmosphere. The data show- 
this for widely differing papers are given in table 5. All chemical 
inges during irradiation were found to be smaller in purified 
‘ogen than in air. 


TABLE 5.—Effect of oxygen and moisture upon the light* stability of papers 


Decrease in alpha- |Increase in copper- 
cellulose percentage! ammonia fluidity | 
Paper number — - - — a 
: Nitro-| D , Nitro-| Dry : Nitro-| Dry 
Air’ Nitr Dry Airb NI ro Dry Air Nitr 1A 
gene | air< gen¢| air< |} gene] air 
| | 


Lowering of pH 


WOOD-PULP PAPERS 


| Rhes | Rhes | 
1133 (soda-sulfite) __- : 5.6 . 3. 2.9] 0.0 
1136 (soda-sulfite) __- Rimes 7.0 2.6) 4.8 4.0 | <i | 
1138 (soda-sulfite)____- 6.2 
1166 (refined sulfite) . . 2.9 
N (newsprint) : -_ 31.3 | 6.5 

RAG PAPERS 

1182 (new rag) _- 2) 
1186 (new rag)..- 
1191 (old rag) 
1200 (old rag) 
1203 (old rag) -.. 








7 hours of irradiation under the “95 al conditions, except as indicated. 
s-percent relative humidity at 30° 
ntained less than 0.03 percent of 0; after ae ation. See reference [5] for all details, 
Less than 0.02-percent relative humidity at 30° 


All photochemical changes did not cease at the low concentration of 
oxygen, less than 0.03 percent by volume in the nitrogen used, as shown 
particularly by the changes in alpha cellulose. The chemical changes 
indicated by fluidity data, however, occurred only slightly or not at 
all, except in newsprint, at this concentration of oxygen. In a special 
experiment (described in footnote 4, page 62) with a probably much 
lower concentration of oxygen, the changes in newsprint were found 
to be practically the same as those shown in table 5. This would 
indicate, but, of course, not prove conclusively, that slight photo- 
chemical changes in paper occur even in the complete absence of 
gaseous Oxygen. 

The light stability of papers irradiated in extremely dry air (con- 
taining less than 0.0007 percent of gaseous water by volume) showed a 
fundamental difference between papers derived from wood and those 
derived from cotton. As seen from table 5, lack of water vapor caused 
smaller changes in alpha cellulose for the wood pulp papers, but 
larger changes for the papers derived from cotton, than resulted from 
light under normal conditions of moisture. The fluidity data are 
again inconclusive for the rag papers, as in the case of the experiments 
in nitrogen. It is of interest to note that the acidity of all types of 
papers was increased by irradiation in dry air. Control experiments 
in the dark showed no changes. 
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(c) TIME AND INTENSITY OF IRRADIATION. 


The data of tables 3, 6, and 7 show that the alpha cellulose changes 
were proportional to less than the first power of the lengths of time of 
irradiation and light intensity, except, perhaps, in the early stages of 
irradiation. Exposure, of relatively unchanged fibers, by turning th, 
sheet over, increased the rate of deterioration, as shown by the experi- 
ment with newsprint, N, table 6. 


TaBLeE 6.—Effect of varying the time of irradiation ® 


Decrease in alpha-cellulose percentag 
various periods (hours) of irradiatior 


» papers with the exception of one experiment 
hours on each side. The corresponding va 
3, 5, and 8 becau 
globes were 
¢ glass. 


TABLE 7.—E fect of varying the light intensity 


Decrease in alpha-cellulose percentage at var 
relative light intensities 4 


Paper number 


newsprint ' awe 35.9 29. 6 
soda-sulfite Z 12.5 S 
8.2 7 


| 


® The other conditions of irradiation were as usual. The newsprint paper was irradiated for 17 h 
each intensity, and the other 2 papers were irradiated for 51 hours at each intensity. 

b Unity represents an absolute incident intensity of 0.17 watt/em?. Variation in intensity was 
by increasing the distance between the are and the sheet according to the inverse-square law, tak 
average intensity over the sheet into account 


The departure from proportionality of alpha-cellulose change wit! 
respect to time and intensity is seen to be rather small within the first 
17-hour period for the various types of papers, with the exception of 
newsprint. Even in the latter case the departures do not affect the 
conclusions based upon the various data for newsprint. 


(2) LIGNIN CONTENT 


The extensive deterioration by light of newsprint paper probably 
arises from the photochemical reactivity of lignin. Along with the 
large change in alpha cellulose in this paper, N-a of table 3, the lignin 
content decreased from 19.1 to 13.7 percent during irradiation. The 
other papers contained little or no lignin; paper 1133, for example, was 
found to have a lignin content of less than 0.5 percent. 


$ Similar changes in lignin contents of certain types of wood during irradiation with sunlight have | 
observed by Richter [1]. 
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TABLE 8.—Effect of gaseous oxygen upon the light® stability of newsprint 


Decrease in . 
alpha-cellu- Increase ¢ in 
Copper 


Lowering 
H 
number 


ol pt 


Composition of atmosphere > lose per- 


centage 


Air (21%0s)- 
Not+1.1% O24 
N2+0.21% Oa 
N2t+0.11% O2 
N2+0.03% Og 





17 hours of irradiation under the usual conditions, excepting oxygen content. 
‘xperiments were conducted at barometric pressure 
mtained argon and any other inert gases usually present in commercial “water pump”’ nitrogen, afte1 
ification to remove oxygen. 
he various oxygen pressures were obtained by evacuating the system to the desired air pressure and 
g it with purified Ne, except in the experiment with the lowest concentration of O2, which was 
ined as described in refrence [5]. 
e Copper number for the unirradiated control was 5.4. 


The chemical changes in newsprint irradiated at various concentra- 
tions of oxygen are shown in table 8. The sheets yellowed according 
to the oxygen content; only slight yellowing occurred at the lowest 
oxygen content listed, and none at all in the special experiment 
described in footnote 4. 

The light stability of newsprint is very materially increased by 
buffering the sheet at pH 7.2, as shown by the yes for paper N-b, 
table 8. In this experiment the sheet was dipped in a solution of 

NaHCQs, and after air-drying, it was found to | have retained 0.12 ¢ of 
NaHCO, which gave the sheet a pH of 7.2. During subsequent 
irradiation, the lignin content decreased cobs 2.1 percent, indicating 
a relationship between lignin change and cellulose deterioration. 

Whatever the steps between the initial —* of radiant energy 
by lignin and the change in the cellulose may be, the rate of one or 
more of these reactions was greatly dependent upon the acidity of the 
paper. Relatively large quantities of acidic substances were pro- 
di iced during the irradiation, as shown by the change in pH from 
5.0 to 3.3 for paper N-a. ‘The first cold-water extract of 1 g of sample 
N-a, after and before irradiation, was found to require 16 ml and 1 m il, 
respectively, of 0.01 N NaOH for titration to an end point of pH =7.5, 
using the glass electrode in the absence of COQ,. The titration curve 
thus obtained was characteristic of an acid much weaker than acetic, 
in that the voltage changes were very gradual. The pH, 3.8, at the 
beginning of the titration, however, corresponded to an acid stronger 
than acetic. These two facts together indicate that a series of acids 
of various degrees of ionization were formed during the irradiation. 
The amount of material extractable with hot water increased from 
1.0 to 9.6 percent during the irradiation. 

It does not seem likely, however, that the hydrogen ions which 
these acidic reaction produc ts yielded were responsible for the large 
effect of Halts. upon newsprint ps per, ~iaae yaicen as the data of table 9 
show that sulfuric acid at a pH of 3.3 had only a small effect upon the 
light stability of this paper. 

The resinous material in newsprint apparently did not affect the 
light stability appeciably. It was found that a sheet which had been 
extracted with ethyl alcohol, benzene, and ether before irradiation 
showed no improvement in light stability. 
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The effect of moisture upon the light deterioration of highly lignific 
papers is seen from te able 5 to be moderate from the fact that extr 
desiccation had only a minor effect. At an intermediate value of 
relative humidity, 35 percent at 30° C, the decres ase in alpha aio : 
percentage was found to be 27.9 instead of 31.3. The increase 
copper number corresponding to the 17-hour pe cin of irradiation 
very dry air was 11.4. 

(ec) ACIDITY 

The results given in table 3 show that the sulfuric acid, present 
papers because of the hydrolysis of aluminum sulfate used in th: 
manufacture, had varying effects upon light stability, depending 
greatly, however, upon the type of fiber. This is in contrast to thi 
thermal stability of papers, for which the pH, irrespective of fib 
content, is a most important index of stability [8a]. 

The decrease by acid of the light stability of papers made from ney 
rags can be seen from the pairs 1177, 1178; 1179, 1182; 1183, 1186. 
On the other hand, the light stability of papers made from old 
or wood pulps was much less affected by acid, as seen from the pairs 
1191, 1193; 1200, 1203; 1133, 1134; 1129, 1173; 1164, 1166. The 
greatly increased stability of newsprint after the addition of NaHCO 
to the sheet was apparently due to an increase in the light stability 
of lignin in the neutral medium rather than an increase in the light 
stability of cellulose. 

Experiments with papers containing unusually large amounts of 
acid gave similar results. Sheets were dipped in solutions of sulfuric 
ined in absolute alcoho] of concentrations necessary to give a pli 
near 3.6 in the treated sheets, and dried before irradiation. The 
vow given in table 9 show that acid has a much larger effect upon 
the light stability of the paper made from new rags, 991, than upon 
the others. Control sheets containing like amounts of acid showed 
no alpha-cellulose changes when kept in the dark for the same period 
used for irradiation. 


TaBLE 9.—Effect of sulfuric acid * upon the seit estaba of papers 


| 
| Decrease * 
alpha-cellul 


percentage percentagi 


Paper number VuVu0—as 
pH _ | alpha-ce lulose | 


Before addition of acid a | are After addition of ac 
| 


WOOD-PULP PAPERS 


1133 (soda-sulfite 
N (newsprint 
1160 (refined sulfite) -_- 





RAG PAPER 


991 (new rag) _- 


® Acid was added to the sheets by Santen x them in solutions of sulfuric acid in abs wii alcohol of t 
concentrations necessary to give a pH near 3.6 of the treated sheet, as determined by trial. 

b Change during irradiation under the usual conditions for 17 hours, with the exception of the newsprint, 
which was irradiated for 2}4 hours to secure a comparable decrease in alpha cellulose. 





Photochemical Stability of Papers 


(f) CONTENT OF ROSIN AND OTHER SIZING MATERIALS 


Rosin, in the amount and manner in which it is usually introduced 
» paper by flocculation with aluminum sulfate, was found to be an 
mportant factor in the deterioration of paper by light, unless the 
dity is injuriously high. The effect of the latter condition is 
cmplified by the pair 1182, 1186, table 3. The effect, furthermore, 
; most pronounced for new-rag papers, since the soda-sulfite paper 
8, containing much rosin, was only slightly less stable than 1129, 
taining no rosin. At low acidities, even for new-rag papers, rela- 
vely large amounts of rosin had little or no effect, as shown by paper 
79. Paper 1173, in spite of the rosin, was one of the more stable 
pers of its group. 
Rosin, when added to sheets of paper by brushing with solutions 
rosin in absolute alcohol, increased the deteriorating effect of light 
much as or, in some instances, even more than sulfuric acid. This 
shown by the results listed in table 10 for sheets thus treated with 
n before irradiation. The original light stabilities of papers made 
from new cotton fibers or refined wood fibers were greatly lessened 
by rosin thus added, whereas the stability of the ordinary wood fibers 
: not greatly affected. 


LE 10.—Effect of rosin® and “hydrogenated rosin’? > upon the light stability 
of papers 


: | | 
Yecrease ir : | 
Decrease in | Towering | 


Paper number Rosin alpha-cellulose 
| of pH de 
| percentage °¢ 





1134 (soda-suifite) 

1134 (soda-sulfite) __- 

1134 (soda-sulfite) 

1160 (refined sulfite)_.......--22_--| 
1160 (refined sulfite)_..........~_-| 
1160 (refined sulfite)_.......__- 

1160 (refined sulfite) __- a 
oe ae 
991 (new rag) 

991 (new rag) 

991 (new rag) -. --- 


| 
| 
| 
| 
! 


Percent | 
1160 (refined sulfite) 2.2 0 | 2! 
> 1. 4! 

4 


1160 (refined sulfite)_...--.--------| 4.8 
1160 (refined sulfite)_....-.......--] 9.7 


ermakers’ rosin grade ‘“‘F’’ applied to sheets from solutions in absolute alcohol. 

plied to sheets from solutions in absolute alcohol. See reference [16] for information about this 

} 

il 

h types of rosin were removed from sheets before alpha-cellulose determination by extraction with 
ilecohol in a Soxhlet apparatus. Control tests showed no change in the paper during extraction, 

e qualitative rosin test showed practically complete extraction. 

{ measurements made with rosins present in the sheets. 

ore irradiation, the papers containing rosin had a pH near 5.4, those containing ‘‘hydrogenated 

had a pH near 5.6. 


The pH of papers containing rosin introduced in this manner was 
found to be near 5.4 before irradiation. The acidity of the rosin was, 
therefore, not great enough to account for the deteriorative effect of 
light, inasmuch as the much higher acidities of sulfwie acid in the 
papers listed in table 9 had, in general, smaller effects. 
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It appeared possible that the effect of rosin might be ascribed to 
the presence of double bonds in the rosin acid molecules. The experi 
ments were, therefore, repeated with a rosin the double bonds of which 
had presumably been eliminated by hydrogenation [16]. 

The results with hydrogenated rosin are also given in table 10 and 
show that this material decreased the light stability of the papers 
somewhat more, if anything, than the unsaturated rosin. The pH 
changes during irradiation for both types of rosin were also quite simi- 
lar and resembled those of lignin in magnitude. 

It appears, therefore, that properties other than the presence of 
double bonds or the behavior as an acid were responsible for the dete- 
riorative effect of rosin. The remaining apparent reason, that of 
increased light absorption, was considered. The light absorption was 
measured for the sheets of paper 1160 containing 0, 2.3, 4.9, and 10.6 
percent of rosin, and were found to be 16, 19, 20, and 24 percent, 
respectively, which values obviously do not represent sufficient 
increases in absorption to explain the greater deterioration, not even 
when the 5- to 6-percent increase in absorption due to darkening 
caused by irradiation of these large quantities of rosin is taken into 
account. 

The effect of glue upon the light stability of paper appears to be 
small, if it existed at all, since the slight increases in deterioration of 
papers 991 and 1013, table 3, could easily be accounted for by the 
increased acidity caused by the acid in the glue sizing solution. No 
effect of starch was found. 

The sizing materials themselves were physically and chemically 
affected by light. The water resistance of sized papers was found to 
decrease during irradiation, as was also found by Zhereboff [17] and 
Richter [1] for sunlight. <A rosin, a glue, and a starch-sized paper 
were each found to have lost over half their sizing values (in terms o! 
time of penetration of water, using the dry indicator method) during 
the 17-hour period of irradiation. 

During irradiation the rosin in the papers of table 3 became almost 
completely insoluble in anhydrous ether, although its solubility in 
ethyl alcohol apparently remained unchanged. Its acidimetric 
equivalent weight, as determined by titration with alcoholic KOH 
decreased from 340 to 213 g per equivalent, which, together with the 
lowering of the pH shown in table 10, shows that the rosin is decom- 
posed into molecules having carboxyl groups. The rosin was also 
found to undergo oxidation as shown by the fact that its oxidimetri 
equivalent weight [9c] decreased from 3.63 to 3.13 g per equivalent. 

Analyses for glue and starch before and after irradiation showed 
decreases of 5 to 10 percent of the amount of sizing material originally 
present. 

(g) PROTECTION BY PRINTERS’ INK 


The data in table 11 show that paper is extensively protected by 
ink against the action of light. The papers were printed at the 
Government Printing Office, using the regular “job black” ink. The 
sheets were printed on one side only, either solid black or with lower- 
case, 5-point-face roman type. Experiments with the latter, how- 
ever, were conducted only with newsprint, inasmuch as the protection 
afforded by letters extends normally to but 10 to 15 percent of the 
area of the sheet, and was, therefore, difficu!t to measure accurately 
except for unstable papers. 





Photcchemical Stability of Papers 


against light » 


BLE 11.—Effect of eee ink,*® solid black, in protecting papers 





| Decrease in alpha-cellulose 
percentage ¢ 


Paper number 


Plain 


| Printed solid 
| black 








1¢ papers were printed at the Government Printing Office, using the regular ‘‘job black” ink, through 
nd cooperation of Robert H. Simmons. 
hours of irradiation under the usual conditions. 
he alpha-cellulose percentage of a printed paper is appreciably lower than that of the plain paper, owing 
presence of certain alkali-soluble materials in the ink. ‘To obtain the decrease brought about by light 
, the unirradiated solid-black paper was analyzed for control purposes. 
e value in parentheses corresponds to a paper printed in the normal way with letters. 


a small part was protected by ink. 


Therefore, 


The behavior of ink, which is principally on the surface of a sheet, 
is thus seen to be quite different from the behavior of a sensitizing dye. 
\lthough the ink absorbed almost all of the incident light, little or no 
transfer of photochemically active energy to the fibers occurred. 


FFECT OF LIGHT UPON SUBSEQUENT THERMAL STABILITY OF 
PAPERS 


The increase in acidity occurring in paper during exposure to light, 
as shown by the fall in pH, table 3, suggests that a paper, once exposed 
to light, will no longer be as stable, even if stored in the dark, as the 
same paper had it not been so exposed. This was found to be the case. 

A variety of papers were first irradiated, and then one half of each 
sheet was heated in an “accelerated aging” oven in the dark in air at 
100° C for 72 hours, along with sheets of the same papers not previously 
irradiated. The irradiated papers, the irradiated and heated papers, 
and the heated papers were then analyzed. The alpha-cellulose 
changes in the third series correspond to the thermal or ordinary stabil- 


TABLE 12.—E did of ~—* ® upon pitinnicniuee ne - papers 





Decrease in alpha-cellulose 
percentage during heating > 


Paper number 


Paper not 
previously 
irradiated 





isa. ..-- 
1 
DC 
1166 

. 
113% 

1182 

1200 

1203 _. 





ours of irradiation (20 hours on each side of sheet) 


ting for 72 hours at 100° C in the dark in air. 


AN ROWN OOS 
OC OrF Om OMNmO 





Paper 
previously 
irradiated ¢ 


under the usual conditions. 


ese Values are the result of subtracting the values for alpha-cellulose change due to light from 


lus heat. 
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ity of the papers, and are listed in column 2 of table 12. The values 
for alpha-cellulose decrease in the irradiated and heated papers, dimin- 
ished by the values for alpha-cellulose decrease during irradiation 
alone, yielded the values corresponding to the thermal or ordinary 
stability of papers exposed to light at some time and then stored in the 
dark. These results are listed in column 3 of table 12, and show that 
most papers once irradiated may be expected to be considerably loss 
permanent than if they had not been exposed to light. 
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THERMAL EXPANSION OF SOME BRONZES 
By Peter Hidnert 


ABSTRACT 


he results obtained in the course of independent tests and investigations on 
linear thermal expansion of four groups of bronzes designated as tin-zine, 
ed, aluminum, and silicon bronzes are given for different temperature ranges. 
es showing the typical expansion and contraction characteristics of these 
zes during heating and cooling are presented. ‘Ternary diagrams are given 
ow the effect of composition on the coefficients of expansion of copper-tin-zin« 
copper-tin-lead alloys. In general, the coefficients of expansion of these 
Se For 

» from 20° to 100° a ee 
es were found to be be ae en 16.8 10-° and 19.0 10-8/° C. 


CONTENTS 


Introduction 
Materials investigated 
Apparatus 
Results and discussion 
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I. INTRODUCTION 


— the past 30 years, data on the linear thermal! expansion of 
per-base alloys designated as tin-zinc, leaded, aluminum, and 
on | s have been obtained he National Bureau of Stand- 
1 bronzes have been obtained at the National bureau of Stand 

These results are based on independent tests and investiga- 
the specific purposes of which in general were not related. 
refore, the ranges of temperature within which the bronzes were 
; ae . : mm ; 
estigated differed in many cases. These data, together with some 
viously published results, are summarized in this paper. Ternary 
rams showing the effect of composition on the coefficients of ex- 
ion of copper-tin-zine and copper-tin-lead alloys are given. 
\vailable data from previous investigators on the linear thermal 
ansion of various bronzes of known compositions are given in 
able 1.4. Some of the results in this table, in combination with data 
present paper, were used in the preparation of the ternary 
vrams, 


not listed in table 1) from 2 manufacturers have been published by N. L. Mochel, Thermal 
n of Metals, Symposium on Effect of Temperature on the Properties of Metals, Am. Soc. Testing 
ls and Am. Soc. Mech. Engrs., p. 683 (1931). 
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Figure 1.—Linear thermal expansion of two cast tin-zinc bronzes. 


Sample 376: copper 88, tin 8, zinc 4 percent; sample 895: copper 86.5, tin 11, zine 2.5, maximum impu 
0.2 percent. 





Thermal Expansion of Some Bronzes 


II. MATERIALS INVESTIGATED 


The samples of bronzes were provided by the American Brass Co., 
Waterbury, Conn., American Bronze Corporation (now American 
Non-Gran Bronze Corporation), Berwyn, Pa., Bridgeport Brass Co., 
sridgeport, Conn., E. I. du Pont de Nemours & Co., Inc., Wilming- 

m, Del., Fredericksen Co. (now Saginaw Bearing Co.), Saginaw, 
\lich., National Bureau of Standards, Titanium Alloy Mfg. Co., 

iagara Falls, N. Y., and W. & L. E. Gurley, Troy, N. Y. The 
chemical compositions and available information regarding the treat- 

ents of the samples are given in table 2. Most of the values for 
chemical composition were furnished by the manufacturers. 

The length of each sample used in the determinations of linear 
thermal expansion was 300 mm (11.8 in). The cross sections of all 
samples except those designated as 38 and 39 were circular, with 
liameters of 8 to 13 mm (0.31 to 0.51 in). The diameter in each 
case was the same as that of the ‘“‘as received” rod. Samples 38 
and 39, machined to 5 mm (0.20 in.) square section, were cut from 
bars having a section 16 mm (0.63 in.) square. 


III. APPARATUS 


The types of precision micrometric thermal-expansion apparatus 
ised for determining the linear thermal expansion of the bronzes 
are deseribed in previous publications [11, 12, 6, 13].2. In addition 
to the differences in design, the instruments differed in the ranges 
of temperature over which they could be operated. However, 
essentially the same results have been obtained with each of the 
instruments used for the same ranges of temperature. 


IV. RESULTS AND DISCUSSION 


Typical expansion and contraction curves for four groups of bronzes 
are shown in figures 1 to 4. These figures indicate that for a relatively 
narrow range of temperature (fig. 1) the expansion and contraction 

irves nearly coincide, but in cases involving wider ranges of tempera- 
ture (figs. 2 to 4) the expansion and contraction curves diverge ap- 
preciably. It is of interest to note that the expansion curves in 
figure 3 indicate that a marked decrease in the rate of expansion oc- 
curred in the hard-drawn aluminum bronzes at temperatures between 
700° and 800° C. On the other hand, the curves for both the hard- 
drawn and annealed silicon bronzes (fig. 4) showed a marked increase 
in the rate of expansion between 900° and 1,000° C. 

The average coefficients of expansion of the four groups of bronzes, 
computed from the expansion and contraction curves (typified by 
ligs. 1 to 4), are given in table 2 for temperature ranges within which 
observations were made. The differences in length of most of the 
bronzes before heating and after passing through the heating and 
cooling cycle are also shown in this table. In general, the aluminum 
and silicon bronzes (figs. 3 and 4, and table 2) were investigated over 
wider ranges of temperature than the tin-zine and leaded bronzes 

figs. 1 and 2, and table 2). 


Figures in brackets indicate the literature references at the end of this paper. ~ 
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FiGurRE 2.—Linear thermal expansion of leaded bronze (treatment unknown). 


Sample 1071: copper 70, tin 9, lead 21, maximum impurities 0.2 percent. 
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Figure 3.—Linear thermal expansion of two hard-drawn aluminum bronzes. 





e 1416: copper 89.71, tin 0.38, aluminum 9.29, iron 0.44 percent; sample 1417: copper 89.43, tin 0.33, 
aluminum 9.30, iron 0.58 percent. 
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Figure 4.—Linear thermal expansion of three silicon bronzes. 


Sample 1394: copper 94.33, silicon 4.40, manganese 0.96, iron 0.11 percent; samples 1333 and 1334: copper 95.64, 
silicon 3.04, mianganese 1.03, iron 0.09 percent. 
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lhe ternary diagrams in figure 5 show the influence of additions of 
n and zine on the coefficients of expansion of copper-tin and copper- 
zinc alloys for three ranges of temperature. The effect of different 
tents of tin and lead in leaded bronzes is shown in a similar manner 
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liGurE 5.—Portions of triangular diagrams indicating the effects of composition on 
the coefficints of expansion (in millionths per degree centigrade) of copper-tin and 
copper-iin-zine alloys. 
C=Cast. H=Hot-rolled. 


CA=Cast and annealed. HA=Hot-rolled and annealed. 
CR=Cold-rolled. HD=Hot-rolled and drawn. 


in figures 6 and 7. These figures are based on the data in table 2 and 
previously published results of the author [6, 7, 9]. These diagrams 
show, in general, that the coefficients of expansion of the bronzes 
increase as the content of these addition elements is increased. 
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h1GuRE 6.—Portion of triangular diagram indicating the effects of composition o1 


the coe flicre nts of expansion (zn mallionths per de gree centigrade) of cop pe 
and copper-tin-lead allays between 20° and 100° C. 
C=Cast. ITA =Hot-rolled and annealed, 


CR=Cold-rolled. /1D=Hot-rolled and drawn. 
IT=Hot-rolled X= Treatment unknown 
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FicurE 7.—Portion of triangular diagram indicating the effects of composition on 
the coefficients of expansion (in millionths per degree centigrade) of copper-tin and 
copper-tin-lead alloys between 20° and 200° C. 

C=Cast. H7D=Hot-rolled and drawn 


CR=Cold-rolled. X= Treatment unknown. 
I= Hot-rolled. 
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The limiting coefficients of expansion of different bronzes for three 
temperature ranges are given in table 3. 

In cases where comparison was possible, the data presented in this 
paper were found to be in good agreement with the results of other 
investigators. 


TABLE 3.—Ranges of coefficients of linear expansion® of various bronzes 


Average coefficients of expansion per degre 
centigrade 


; - . 
>a lane 
20° to 100° C. | 20° to 200° C. | 20° to 300° C 


x10 x104 =| 

tin) 16.8 to 18.0 | 17.2 to 18.2 | 17.6 to 18. 

, 8 to 12% tin, 2 to 4% zine) Ee 17.8 to 18.1 | 18.1 to 18.5 | 18.5 to 18.7 
opper-tin-lead (2.0 to 11.6% tin, 2.1 to 26.6% lead) 17.2 to 19.0 | 17.3 to 19.9 | 

yper-tin-zine-lead (5.0 to 6.7% tin, 2 to 5.1% zine, 1.5 to 17.8 to 18.1 18.1 to 18.4 |_--- 

5% lead) 
‘opper-aluminum (7.3 to 10% aluminum) ---. - 5 16.2 to 17.1 16.3 to 17.3 | 16.8 to 18 
Sopper-silicon » (3.0 to 4.4% silicon) - - - i 17.2¢ to 17.4 17.5¢ to 17.8 18.0¢ to 18.1 


* Data from previous publications by the author [6, 7, 9] were also used in the preparation of this table 

b Contain 1% manganese. 

¢ Coefficients of contraction of a cast 4.4% silicon bronze were found to be 16.3X10-6, 17.3105, and 
17.910 for the ranges 100° to 20° C, 200° to 20° C, and 300° to 20° C, respectively. 
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